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ABSTRACT
Knee osteoarthritis is a degenerative joint disease that can onset due to abnormal knee
adduction moments (KAMs), which are related to frontal plane knee joint alignment. Gait
modifications including toe-in (TI) and wider step widths have been proposed as individual
intervention strategies, but have not been previously combined, to reduce abnormal frontal plane
loading in healthy and osteoarthritic populations. Study One investigated clinical based
measurements to predict radiographic frontal plane knee joint alignment, measured as the
mechanical axis angle (MA). Study Two compared three different hip joint center estimation
methods on MA predictions using three-dimensional motion capture. Study Three and Study
Four compared normal, TI, and toe-in with wider step width (TIW) gait modifications during
level walking and stair ascent, respectively, in varus, neutral, and valgus knee alignment groups.
Forty healthy participants participated in Study One and thirty-eight in studies Two, Three, and
Four. Anteroposterior full-limb long standing radiographs were used to determine varus, neutral,
and valgus knee alignment groups. A three-dimensional motion analysis, force platforms, and an
instrumented 3-step staircase were utilized to collect walking and stair ascent trials.
Study One showed a combination of caliper, malleolar width, and thigh length
measurements accurately predict radiographic MA. Study Two showed each motion capture hip
joint center estimation method result in only slight non-significant variations in MA predictions,
and thus each are valid in usage for motion capture based MA predictions. Study Three found
the TIW gait modification can reduce 1st peak KAMs during normal level walking in all three
alignment groups, without subsequent increases in 2nd peak KAMs found using toe-in only.
Study Four found the TIW gait could reduce both 1st and 2nd peak KAMs compared to normal
stair ascent gait.
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Frontal plane knee joint alignment can be accurately predicted using a combination of
clinical measurements, as well as motion capture with different methods of predicting hip joint
center locations. The TIW gait can reduce frontal plane knee joint loading during level walking
and stair ascent. The effectiveness of the TIW gait modification in varus knee alignments
indicates this may be a viable option for future knee osteoarthritic patients.
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CHAPTER I
INTRODUCTION
BACKGROUND
Osteoarthritis is a degenerative joint disease, and is the most common joint disorder in
the United States1. The most common form of lower extremity osteoarthritis is knee
osteoarthritis (KOA).2 In particular, KOA is estimated to affect 10% of men and 13% of women
over the age of 60 years,3,4 and could affect 25% of the adult population by 2030.5 Additionally,
projections have shown the lifetime risk (up to age 85) of developing KOA in one knee is 1 in 2
overall, 1 in 2 for individuals with previous knee injuries, and 2 in 3 for obese individuals.5 The
monetary cost for KOA patients is also substantial. In 2004, KOA was the diagnosis for over
200,000 hospital discharges and resulted in $14 billion of in-patient hospital expenses.6 The
medial tibiofemoral compartment has also shown a higher prevalence of osteoarthritis than the
lateral compartment in both Chinese and Caucasian populations.7 Both the onset8 and
progression9-14 of KOA, specifically the medial compartment, are linked to both static
(tibiofemoral alignment) and dynamic (knee angles and joint loads) measures of the knee joint.
To more thoroughly understand this joint disease, it is important to examine the current literature
base on static and dynamic measurements of both KOA and healthy populations.
Patients with KOA can have a varus (bow-legged), neutral, or valgus (knock-kneed)
frontal plane tibiofemoral alignment. However, varus malalignments are more commonly
associated with medial compartment KOA patients.15 Varus malalignment is said to increase
frontal plane joint loading, 9,16-19 resulting in greater incidence20 and progression15 of KOA.
Frontal plane tibiofemoral alignment is commonly measured as the knee mechanical axis angle
obtained from anteroposterior radiographs.15,21-24 Although radiographs are the “gold standard”
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of tibiofemoral alignment measurements, they do involve exposure to radiation and additional
costs to patients. Several clinical measurements have been developed as surrogate measures for
the radiographic mechanical axis, including plumb-line21, goniometry21,25, tibial inclination21,24,
and caliper methods21,23,26. However, these clinical measurements have shown a wide range of
correlations with the radiographic measurement.21,23-25 A possible source of variation between
radiographic and clinical measurements could be the lack of inclusion of full lower limb
alignment measurements. The plumb-line, tibial inclination, and caliper measurements only
involve tibial alignment. Therefore, these measurements do not include femoral alignment. The
goniometer method measures femoral and tibial alignments, but reliability may be questioned. In
contrast, three-dimensional motion capture has shown to have a higher correlation with
radiographic mechanical axis measurements.24 The motion capture method could be more a
superior method due to its inclusion of the femoral alignment component of tibiofemoral
alignment. However, motion capture measurements require the usage of costly motion capture
systems and are subject to the accuracy in predicting hip joint centers (HJC). The HJC is difficult
to detect due to its location deep within muscle and adipose tissue.27 Therefore, developing a less
costly clinical measurement that includes both tibial and femoral alignments is warranted
To improve upon motion capture based assessments of static and dynamic lower
extremity alignments, assessments must be made to determine the most accurate method in
estimating HJC location. Regression27-30, functional31-38, and projections using the greater
trochanters38 are three commonly used methods to predict the HJC. The regression and
functional methods have been shown to be reliable and fairly accurate in comparisons to imaging
based measures.34-36 However, both regression and functional methodologies contain several
individual methods, with no unanimous “superior” method. In direct comparisons, the functional
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methodologies have been shown to outperform the regression methodologies.32,34-36,38 However,
functional methodologies do have drawbacks. Functional methodologies require a large range of
motion to optimize joint center accuracy.31,39,40 This range of motion may not always be possible
in patient populations. The greater trochanter method is a reliable alternative prediction method,
but has not been previously validated with imaging based measures.38 This method also has no
direct foundation found in the literature. No comparison of the commonly used regression,
functional, and greater trochanter projection methods has been found in the literature. Since joint
angles, moments, and forces are subject to joint identifications; so care should be taken when
choosing a joint prediction method. Therefore, an investigation is warranted to determine the
most accurate method for predicting the hip joint center.
In dynamic assessments, the 1st peak internal knee abduction moment (KAM) is arguably
the most important measurement for KOA patients. The KAM has been linked to the onset and
progression of osteoarthritis.41-43 Gait modifications have been utilized to reduce the KAM in
KOA and healthy participants.44 One method, foot progression angle (angle of the foot in relation
to forward progression), has been shown to reduce the GRF moment arm.45 This reduction in the
moment arm leads to smaller KAM moments.45 Increasing toe-in angles have shown success in
reducing the 1st peak KAM45-47. However, the effectiveness of increased toe-in has not been
compared in different tibiofemoral alignment groups. As tibiofemoral alignment is related to
KOA8 and the 1st peak KAM18,48, it is important to denote whether this modification could be
successful in multiple alignment groups (which are found in KOA patients). In addition, foot
progression angle has not been tested in stair negotiation tasks. Stair negotiation tasks are
demanding on the lower extremity joints, with KOA patients commonly reporting difficulty in
negotiating stairs. Increasing step width has been shown to decrease KAMs in both level ground
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walking43 and stair ascent49 and descent tasks50. The increased step width decreased knee
adduction angles, placing the knee joint closer to the center of pressure of the foot (i.e.
decreasing the GRF moment arm)50. Increased step width coupled with increased toe-in could
result in further reductions of the KAMs. However, no previous study has coupled these gait
modifications in level ground or stair negotiation tasks.
STATEMENT OF THE PROBLEM
To our knowledge, no studies have developed regression models that include both the
femoral and tibial components to predict static knee mechanical axis angles. In biomechanical
analyses, no studies have directly compared the three common hip joint center methods, nor have
any studies determined the effects of these hip joint center methods on determining true knee
alignments as measured on radiographs. Additionally, no research has been performed to
determine the effects of toe-in and coupled toe-in and wider step widths on the internal knee
abduction moments in varus, valgus, and neutral tibiofemoral alignments in either level walking
or stair ascent tasks. Therefore, the purposes of the proposed studies are below:
Study One: The purpose was to develop and validate a regression equation to accurately
predict the radiographic frontal plane tibiofemoral mechanical axis using several clinical
measurements. This set of clinical measurements improves upon existing clinical methods in the
literature, as this method included both tibial and femoral alignments
Study Two: The purpose was to compare three common motion capture based hip joint
center (HJC) methods using estimations of knee mechanical axis angles. The HJC methods were
compared using knee mechanical axis angles measured from radiographs, and their respective
frontal plane locations.
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Study Three: The purpose was to compare the effects of using two gait modifications,
toeing in and toeing in with wider step width, during level ground walking in healthy participants
with neutral, varus, and valgus knee alignments.
Study Four: The purpose was to compare the effects of using two gait modifications,
toeing in and toeing in with wider step width, during stair ascent in healthy participants with
neutral, varus, and valgus knee alignments.
Research Hypotheses
Study One
It was hypothesized that it would be possible to develop an accurate regression model
using clinical measurements including pelvic width, femoral and tibial lengths, femoral
epicondylar and malleolar widths, and distance measurements of either the tibial condyles
or malleoli that would accurately predict the frontal plane knee mechanical axis
alignment.
Study Two
Due to a lack of previous validation of the greater trochanter method in the literature, no
hypothesis was made as to which HJC would be more “superior.”
Study Three
1. It was hypothesized that the toe-in gait modification would reduce the 1st internal peak
KAM in level walking.
2. It was hypothesized that the toe-in with wider step width gait modification would reduce
both the internal 1st and 2nd peak KAMs in level walking.
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3. It was hypothesized that the varus alignment participants would have increased internal
KAMs compared to the participants with neutral and valgus alignments, regardless of gait
modifications in level walking.
Study Four
1. It was hypothesized that the toe-in gait modification would reduce the 1st internal peak
KAM in stair ascent.
2. It was hypothesized that the toe-in with wider step width gait modification would reduce
both the internal 1st and 2nd peak KAMs in stair ascent.
3. It was hypothesized that the varus alignment participants would have increased internal
KAMs compared to the participants with neutral and valgus alignments, regardless of gait
modifications in stair ascent.
DELIMITATIONS
The participant exclusion criteria for all studies included:


Any major lower extremity musculoskeletal injuries within the previous 3 months



Knee pain for at least 6 months during daily activities including stair negotiation



Diagnosed with any type of lower extremity joint osteoarthritis



Diagnosed with any chronic disease



Any lower extremity joint replacement



Lower extremity joint arthroscopic surgery or intra-articular injection within past 3
months



Body mass index (BMI) greater than 35



Inability to ascend or descend stairs without use of handrails



Inability to ride a stationary bike for a minimum of 15 minutes
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Unable to see, hear, or follow instructions

The participant inclusion criteria for all studies included:


Men and women aged between 18 and 35 years.

LIMITATIONS


All studies were performed in a laboratory setting



Only anteroposterior radiographs were obtained



Skin marker placement in obese participants may not reflect accurate bony landmark
location.



Reflective markers used to track the feet during motion trials were placed on the shoe.
Thus, foot motions within the shoe may not have been accurately captured.



Guiding tapes were placed on the ground in intervals for the toe-in and toe-in with wider
step width trials. These tapes could lead to participants controlling their step lengths to
match the tapes during level walking, and therefore could result in slightly modified step
widths.
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CHAPTER II
LITERATURE REVIEW
INTRODUCTION
The purpose of Study One was to develop and validate a regression equation to
accurately predict the radiographic frontal plane tibiofemoral mechanical axis using several
clinical measurements. This set of clinical measurements improves upon existing clinical
methods, as this method included both tibial and femoral alignments. The purpose of Study Two
was to compare three common motion capture based HJC methods using estimations of knee
mechanical axis angles. The HJC methods were compared using knee mechanical axis angles
measured from radiographs, and their respective frontal plane locations. The purpose of Study
Three was to compare the effects of using two gait modifications, toeing in and toeing in with
wider step width, during level ground walking in healthy participants with neutral, varus, and
valgus knee alignments. The purpose of Study Four to compare the effects of using two gait
modifications, toeing in and toeing in with wider step width, during stair ascent in healthy
participants with neutral, varus, and valgus knee alignments.
The primary goals of this chapter were to 1) review the common methods for determining
tibiofemoral mechanical axes, 2) review and compare the common HJC methods present in the
literature, 3) review and summarize biomechanical differences between tibiofemoral alignments
in KOA and healthy groups during level ground and stair ascent tasks, and 4) review and
summarize the effects of foot progression and step width gait modifications in KOA and healthy
groups found in the literature.
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METHODOLOGIES FOR DETERMINING FRONTAL PLANE TIBIOFEMORAL
ALIGNMENT
Static frontal plane tibiofemoral alignment is measured as the knee mechanical axis,
which is the angle defined by connecting two lines from the center of the femoral head to the
tibial intercondylar eminence and the tibial intercondylar eminence to the center of the talus
using full-limb anteroposterior radiographs. The mechanical axis is an important measurement
when considering the current state11,14 and progression8,10,12,13,51 of KOA. The link between the
mechanical axis and KOA is likely due to the moderate linear relationship between the
mechanical axis and the internal knee abduction moment (KAM).41,52-54 Although not the only
factor in human gait, a static varus knee alignment (mechanical axis <180°) can result in the knee
being in a more adducted position during walking. This adducted position results in a larger
moment arm for the GRF,53,55,56 thus increasing the internal knee abduction moment (KAM).
This concept has been measured in level walking gait, showing the mechanical axis can
contribute over 30% of the variance in KAMs. 57 Recently, the mechanical axis has also been
shown to be moderately correlated with peak medial knee joint contact forces measured through
instrumented knee implants.58 Therefore, accurate measurement of the mechanical axis can be
important in predicting KAM, and subsequent predictions of medial knee contact forces.
Currently, the mechanical axis is commonly measured using long-limb standing radiographs or
predicted through clinical measurements.21,24 While radiographic measures are considered the
“gold standard”, several clinical measures have been utilized as surrogates to radiographs. Both
measurements have advantages and drawbacks, which should be considered when frontal plane
knee alignment assessments are warranted.
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RADIOGRAPHIC FRONTAL PLANE TIBIOFEMORAL ALIGNMENT MEASUREMENTS
The “gold standard” of measuring frontal plane tibiofemoral alignment is the
radiographic mechanical axis method. Measuring the mechanical axis involves a full-limb weight
bearing anteroposterior radiograph. Once radiographs are obtained, two tibiofemoral alignment
measurements can be made: either the mechanical axis angle or the anatomic axis angle. The
determination of the mechanical axis involves first identification of the center of the femoral
head, center of tibial spines, and center of the talus.15,21-24 The center of the femoral head is found
using the centroid of a circle, or circles, fit to the boundary of the femoral head.15,21-24 The center
of the tibial spines is located by measuring the center of the width of the tibial spines.15,21-24 The
center of the talus is measured as the center of the width of the talus.15,21-24 The mechanical axis
is then determined as the medial angle of two lines: one connecting the center of the femoral
head to the center of the tibial spines, and one connecting the center of the tibial spines to the
center of the talus.
The anatomic axis has been utilized as a surrogate radiographic measure for the
mechanical axis.13,21,22,25 This method can be performed using the same radiographs as the
mechanical axis, or using shorter “knee radiographs” which involves only the distal femur and
proximal tibia.13 The advantage of this method is that the full-limb radiograph is not required.
Therefore, radiation exposure is limited to just the distal femur and proximal tibia, leaving the
pelvis unexposed and requiring fewer equipment and special procedures.13 The anatomic axis is
then typically measured as the angle between two lines, starting from the center of the tibial
spines and a point 10 cm above bisecting the femoral shaft and 10 cm below bisecting the tibial
shaft.13,21,25 The anatomic axis has a strong correlation with the mechanical axis, r-range from
0.65 to 0.932.13,21-23,25 However, the anatomic axis is limited as it cannot detail the true pathway
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of forces from the foot through the tibia and on to the femur. The anatomic axis can also be
misleading, as deformations in either talus or proximal femur will not be accounted for using this
method.
Although the “gold standard” radiographic mechanical axis provides the only true
measurement of frontal plane tibiofemoral alignment, several clinical tibiofemoral alignment
measurements have been developed.21,23-25,59 These alternative measurements are important, as
they provide no exposure to radiation, are non-invasive, and can be easily performed in almost
any setting. Additionally, clinical measurements require little equipment cost, are reliable, and
are trainable for all types of practitioners.
CLINICAL MECHANICAL AXIS MEASUREMENTS
One of the most common clinical measurements to determine frontal plane tibiofemoral
alignment is the Magee method.59 The Magee method qualitatively describes frontal plane
alignment using the patient’s final position, following single limb adduction until it makes
contact with the contralateral limb. Once the limbs have contacted, alignment determinations are
made based on which bony landmarks of the lower limb contact. If both knees and ankles
contact, the alignment is deemed as neutral. If the knees contact and the ankles do not, the
alignment is deemed as valgus. If the ankles contact and the knees do not, the alignment is
deemed as varus. The Magee method is very easy to implement, and requires no measurement
devices. However, the Magee method has obvious drawbacks. This method does not provide any
distinction of joint angles, can also be subject to lower limb soft tissue circumferences, and has
been shown to have only a moderate relationship with radiographic knee mechanical axes21.
Quantitative clinical measurements, however, have shown increased relationships with
radiographic measurements.
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Several quantitative clinical measurements of frontal plane tibiofemoral alignment
include tibial inclination21,24, goniometer21,25, caliper21,23,26, plumb line21,60, and threedimensional (3D) motion capture24 methods. The tibial inclination angle is measured as the angle
between the line connecting the center of the talus to the tibial tuberosity and the vertical line.
The tibial inclination angle has been found to be strongly correlated with the mechanical axis,
with Pearson correlation coefficients (r) ranging from 0.80 to 0.83.21,24 The goniometer method is
measured as the angle between the two lines with one from mid-thigh to patella and the other
from patella to patellar tendon below the knee joint. The goniometer method has the weakest
strength of correlation, with r values between 0.32 and 0.67.21,25 The caliper method measures
the distance between either the non-contacted medial tibial condyles or medial malleoli when a
participant performs a single limb hip adduction until it contacts the contralateral limb contact.
The caliper method was found to be a highly reliable measurement,26 and had strong correlations
with the mechanical axis: 0.7611 and 0.8921,23. The plumb line method was devised to record the
alignment of each lower limb independently, while still employing the caliper.21 This method
involves hanging a plumb line in the middle of the lower extremities, and measuring the distance
between the plumb line and either the bowed (varus) knee or the medial malleolus (valgus). The
plumb line method was shown to be reliable, and to have a strong correlation with the
mechanical axis, r = 0.71.21 While these clinical methods are strongly related to the mechanical
axis there is still a relatively large amount of variance that is not accounted for with these
methods. The unexplained variance of these clinical methods could be, in part, due to a lack of
accounting for variability in femoral alignment. The tibial inclination method focuses only on
tibial alignment, while the distance measurement using the caliper method accounts for distal
femoral and tibial alignments, but not proximal femoral neck alignment. As frontal plane femoral
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alignment has been shown to contribute over 30% of the variance in varus knee alignment,61 an
improved clinical method should aim to include proximal femoral alignment.
Although motion capture is not always readily available in clinical settings, it is
commonly available in gait and biomechanics labs. Motion capture mechanical axis
measurements boast the strongest non-radiographic relationships with radiographic mechanical
axes,24 and are measured as the hip-knee-ankle angles.24 This method involves identification of
the knee and ankle joint centers as the center of the femoral epicondyles and malleoli,
respectively, by placing reflective markers on the bony landmarks. The HJC is determined as the
center of the femoral head, which is estimated using various methods. The correlation between
the hip-knee-ankle angle and radiographic mechanical axis measurements has been reported as
0.93.24
SUMMARY OF FRONTAL PLANE TIBIOFEMORAL ALIGNMENT METHODOLOGIES
Radiographic measurements of the mechanical axis are the “gold standard,” as it details
the tibiofemoral alignment incorporating all bony morphology involved with the knee joint.13
The mechanical axis incorporates the mechanical axes of both the femur and the tibia,13
providing the pathway for force from the foot upwards and through the femur. The anatomic axis
is a strongly correlated with the mechanical axis. 13,21-23,25 However, the anatomic axis does not
take into account talar and femoral morphology. Both the mechanical and anatomic axes are
measured on radiographs, which require exposure to radiation and pose increased cost. Several
clinical measurements have been developed, which do not require exposure to radiation and pose
little cost. These clinical methods are limited, however, as the strongest surrogate measurements
comprise of only tibial and distal femoral alignments. Therefore, a combination of clinical
measurements involving femoral and tibial alignments could provide an accurate predictor of the
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mechanical axis. To date, no study has utilized a combination of clinical methods to predict the
mechanical axis.
COMPARISON OF COMMON HIP JOINT CENTER DETERMINATION METHODS
Determination of correct joint centers is essential in the study of human movement. In
traditional inverse dynamics, knee and ankle joint centers are commonly set as midpoints
between the femoral epicondyles (or tibial condyles) and the malleoli. While the HJC is
considered as the center of femoral head, finding it is impossible through traditional palpation
used in motion capture, due to its location deep to the external skin and surrounding soft tissues
of the pelvis.27 Since palpation is not an option for determining HJC, magnetic resonance
imaging (MRI), radiographic (X-Ray), roentgen stereophotogrammetric analysis (RSA), and
ultrasound measurements have been considered as the “gold standards” in determining true HJC
locations.34,35,62-65 In addition to these imaging methods, motion capture based methods have
been developed to predict HJC locations. The overall goal for each is to determine the most
accurate HJC for subsequent measurements of hip joint centers and related kinematics and
kinetics.
Gold standard methods provide views of anatomy that are easily measured to determine
the HJC. However, these methods require extra cost and exposure to radiation, while also being
difficult to implement in motion capture. Due to these limitations, motion capture HJC prediction
methods have been developed. The common HJC predictions methods are mainly of two types:
regression equations27,30,63,66-69 and center of rotation calculations from functional movements of
the femur/pelvis31,32,37 using motion capture. One other common method not encompassed in the
other categories is the trochanter based method.38 The trochanter based method predicts the hip
joint centers to be 25% of the intertrochanteric distance, applied to the ipsilateral trochanter
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towards the contralateral trochanter.38 As small errors in the HJC have been shown to result in
much larger errors in hip joint kinematics70, kinetics71, and contact66 and muscle72 forces,
comparing the accuracy of each method is crucial.
IMAGING METHODS – THE GOLD STANDARDS
X-Ray, MRI, and ultrasound imaging methods are the “gold standards” for locating joint
centers within the body. Additionally, these methods provide subject specificity that is crucial in
human movement assessments. X-Ray imaging provides highly accurate and direct
determination of true HJCs, as HJCs and several other landmarks are easily detectable on the
obtained images.63,67,68,73 X-Ray imaging studies are generally uniplanar (typically frontal or
sagittal), which limit their applications for three-dimensional HJC locations. However, Questor
Precision Radiography (QPR), and RSA can be used to calculate 3D HJC from bi-planar X-Rays,
and are similarly accurate to within 3 mm.36,65,74-76 While X-Ray methods are the highly accurate
measures for determining HJC, X-Ray methods do have drawbacks. All X-Ray imaging must
factor in soft tissue corrections that would be present in motion capture,77 as motion capture
marker placements are superficial to skin and adipose tissues. The soft tissue corrections needed
for motion capture vary with respect to the chosen pelvic reference landmarks. It is also
important to note these corrections will need to be subject specific, due to adiposity surrounding
the pelvic landmarks, and therefore should not be based on standard measures. Additionally, XRays require exposure to radiation, and additional time and cost for both subjects and
researchers.
MRI and ultrasound are two alternatives to X-Rays, both of which do not require
exposure to radiation. Although much more costly, MRI scans can provide accurate threedimensional locations of the HJC without multiple scans or any exposure to X-Rays, with errors
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less than 1.2 mm.62 However, MRI imaging is very expensive, more time-costly for patients and
researchers, and may not be available to many researchers.78 Ultrasound imaging is the least
costly option for researchers and subjects, requires no radiation exposure, and is accurate within
4 mm of MRI.64 Although ultrasound is quite accurate, ultrasound requires the usage of motion
capture or other methods to determine location of the probe in space.35 Ultrasound also requires
specific training for users to be capable of identifying landmarks within the body accurately (e.g.
hand-steadiness, proper depth/rate settings). Additionally, water and adipose tissue increase
resistance to sound wave penetration, providing further difficulties.79,80 The aforementioned
issues introduce the possibility of errors that X-Ray and MRI imaging are not subject to.
Although imaging methods are still the “gold standards,” with the previously defined
drawbacks, the need exists for cost and time effective alternatives that employ similar subject
specificity. Thus, several non-invasive methods have been developed to predict the HJC location,
which are commonly implemented in current biomechanics/motion capture labs.
REGRESSION METHODS
Regression based HJC methods utilize a variety of bony landmarks on the pelvis,27,30,69,76
as well as the femoral greater trochanters,28 determined from X-Ray images to predict the HJC.
These regression equations have been developed using percentages of pelvic height, width, etc.
based X-Rays of adults, children, and cadavers.27,30 Regression methods are convenient during
motion capture data collections, as most motion capture marker sets utilize a combination of
these bony landmarks for anatomical marker placements (e.g. Helen Hayes, Adaptive Cleveland
Clinic Model, Plug-In Gait). Additionally, regression based prediction methods are quite reliable
in test-retest assessments, and have reportedly performed better than functional and trochanter
projection approaches.81 However, comparisons of regression methods have shown varying
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levels of accuracy76,82 when these methods are implemented in subsequent research studies. This
is possibly due to their lack of subject specificity, which should be considered when choosing a
regression model.
The more common regression methods are the Seidel30, Bell26,28, and Andriacchi28
methods. These methods utilize measurements of the pelvis to project the HJC in the
medial/lateral (x), anterior/posterior (y), and vertical (z) directions. The Seidel (34% pelvic depth
– x, 14% pelvic width –y, 80% pelvic height –z)30, Bell (22% pelvic width –x, 14% pelvic width
– y, 30% pelvic width –z)27,29, and Andriacchi (greater trochanter location –x, 1.5-2cm distal to
midpoint of ASIS and pubic symphysis – y)28 regressions were all calculated from pelvic
radiographs of cadavers. Comparisons between both Seidel and Bell methods have shown
significant differences in HJC prediction accuracy in the sagittal and transverse planes.30 The
average error differences, compared to X-Ray measured HJC, ranged from 0.70 cm to 0.09 cm in
the sagittal plane, with the lowest error of 0.30 cm using 34% pelvic depth.30 Average transverse
plane error differences were 0.40 cm, with the lowest error of 0.35 cm using 80% pelvic height.30
Both methods produced a mean error of 0.58 cm in the frontal plane. While the methods by
Seidel might be thought as more accurate, more recent assessments have found a higher range of
errors for these methods when compared to QPR.76 These variations in accuracy are important,
as small errors in HJC placement can cause significant changes in inverse dynamic based hip
joint moments.70
Errors associated with the regression equations by all of the previously mentioned
studies27-30 have shown to range from -0.5 to 1.0 cm in the sagittal plane, 2.6 to 0.7 cm in the
frontal plane, and 1.0 to 2.10 cm in the transverse plane when compared to QPR.76 Hip joint
moments of walking gait were also affected by choice of method. The Bell method26,28 presented

17

the largest errors in frontal and transverse plane hip moments, 0.27 and -0.04 Nm/kg, while the
Andriacchi method28 presented the smallest errors in frontal plane hip moments, -0.09 Nm/kg.76
In accordance with the previous results, research implementing HJC errors of 3.0 cm (which
could occur in the previous approaches) in each plane showed that hip moments could reach
mean propagation errors of 22% and 15% for the sagittal and frontal plane during walking gait.70
Therefore, these more recent results stress the need for careful consideration in choosing a
regression equation to implement HJC estimations in biomechanical assessments.
Although the current regression equation based HJC predictions are easily implemented
with current motion capture marker sets and are reportedly more reliable than others,81 the
resultant HJC errors by these regression equations can produce significant problems in inverse
dynamics calculations. As other motion capture based methodologies, such as functional joint
methods, have been shown to present a more precise location of the HJC,32,35 users should weigh
the cost of these potential errors with the provided ease of implementation and reliability when
using regression based HJC prediction methods.
FUNCTIONAL METHODS
Functional HJC prediction methods have been developed and utilized since 1984.83 These
methods calculate the HJC as the single point that moves the least between the femur and pelvis,
when hip joint motion is recorded using motion capture systems.32 In human subjects, functional
methods have been shown to predict imaging-based HJC with < 2.5 cm total error.34-36 However,
analogous with regression methods, there are several functional method types that use varying
algorithms with results dependent upon types of movement, types of bodies (rigid vs.
deformable), and their ability to handle soft tissue artefact.33,34,84
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There are over thirteen available functional methods that can be classified into two types:
sphere fitting (SF) and coordinate transformation (CT).33,84 SF types, such as those described by
Halvorsen et al.85, Piazza et al. 86, and Gamage and Lasenby87, fit spherical arcs to the motion of
the distal segment with the proximal segment held stationary, while treating the pelvis and femur
as deformable bodies33,84. CT types, such as those described in Piazza et al. 40, Schwartz and
Rozumalski37, Ehrig et al.84, and Camomilla et al. 31, calculate coordinate systems for the pelvis
and femur (as rigid bodies) and then transform each segment system to a common reference
system, while imposing kinematic constraints.33,84 Several studies have performed direct
comparisons of functional method types,33-36,84,88 but only a few of these were performed on
living subjects34-36,88. However, all of these comparisons have shown important differences
between each method type’s accuracy in predicting HJC.
SF and CT types have been shown to accurately predict virtual ball-socket joint center
locations within 0.3 cm,84 and to predict true HJC with 0.5 cm absolute error in leg-analogue
rigid body analyses.33 Both functional method types also did not differ under the listed
conditions of: single segment movement, reduced range of motion (only 20°), and introduced
noise on all involved markers, resulting in errors within 0.25 cm.84 However, CT types faired
better when both segments were in motion, with only 0.5 cm error compared to ~2 cm error in
SF types. In contrast, one SF type87 has been shown to more accurately predict HJC locations
than two CT types37,89, in all three directions under deformable body conditions.33 HJC location
errors by this SF type were less 8 mm in all directions, while the others had errors as high as 25.2 mm in the superior direction. Another SF type that was tested85 faired the worst in
deformable body motion, reaching errors of -13.5 and -32.2 mm in medial and superior
directions.33 Although mechanical testing provides insight into the accuracy of these functional
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method types, the goal of these methods is to predict HJC in human subjects. Therefore, the
selection of functional method type should be more heavily based upon each method’s accuracy
when implemented in human-based research.
Imaging-based research on living subjects34-36 and cadavers88 have found SF types more
accurately predicted HJC in multiple populations (e.g. healthy and cerebral palsy subjects) under
both normal and reduced range of motion conditions. The most recent study found an SF type as
most accurate with a mean 1.1 cm from stereographic EOS method on children with cerebral
palsy.36 Ultrasound-based HJC studies of healthy adults have also found SF types to outperform
CT types by 0.8 cm34 and ~0.5 cm35. Furthermore, SF types predicted more accurate HJC
locations under reduced range of motion trials and number of tracking markers.34
Altogether, functional HJC methods are accurate in predicting HJC in human and
mechanical testing. The two functional method types, SF and CT, have their own merits in
mechanical testing. However, SF types have been shown to be superior in human subject testing.
There is a large array of methods within each functional method type, so care should be
exercised when choosing a method. As such, further human-based research is needed to validate
accuracy and reliability of the methods available within each functional method type.
COMPARISONS BETWEEN HJC METHODOLOGIES
The gold standards for determining true HJC are imaging-based.62,63,73 However, these
methods require increased time and monetary investments for patients and researchers.
Additionally, X-Rays require subjects to be exposed to radiation for each image, and multiple
images are needed to determine three-dimensional HJC locations. MRIs do not expose subjects
to radiation, but are more costly and not readily available. Ultrasound is a safer alternative to
both, but introduces multiple sources of error due to efficacy of the user, patient preparation, and
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requirement of motion capture to determine probe locations in space.64 To combat these issues,
regression and functional HJC prediction methods have been developed that are accurate
alternatives to imaging-based HJC assessments.
Although regression and functional methods are efficient in predicting HJCs, direct
comparisons have shown that functional methods are superior to regression methods in
predicting the true location of the HJC.32,34-36,38 However, there are drawbacks to the functional
methods. All functional methods require special movement trials with specific range of motions
to accurately predict the HJC,31,39,40 as utilizing normal movement (e.g. walking and stair gaits)
for functional HJC predictions are considerably less accurate.40 The functional trials increase
time required for subjects, and demand adequate range of motion in all three planes,31 which
could pose issues in patient populations who already have issues with activities of daily living
(e.g. knee osteoarthritic and replacement patients, and stroke patients). In regards to reliability,
few studies have actually compared functional and regression methods,38,81,90-92 which provide
mixed results. One study found regression methods more reliable in producing frontal plane hip
kinematics compared to functional methods,81 while two others found functional methods to be
more accurate in both hip kinematics and kinetics90,92. The trochanter based method has been
shown as a reliable method in day to day assessments.38 Additionally, the trochanter method has
been shown comparable to regression27 and functional37 methods in frontal plane HJC
predictions. In sagittal plane, the trochanter method was more posterior than the functional
method, but was not significantly different from the regression method. The trochanter method
was also found to be similar to the functional method vertically, but both functional and
trochanter methods were more distal than the regression method.38 While the trochanter method
has been compared to regression and functional methods, the trochanter method has not been
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previously compared to imaging based studies. Therefore, more research is needed compare the
accuracy and reliability of HJC prediction methodologies, specifically targeting the not yet
validated trochanter based method.
SUMMARY
Overall, comparisons of the current methods in determining HJC locations are
incomplete. Further research is warranted to assess the accuracy and reliability of functional and
regression predictions in other populations (e.g. obese, diseased, and elderly), compared with the
imaging methods. Future research should also target the trochanter-based method, as very little
research has been performed to assess this method. It is likely none of the prediction methods
will reach the precision of imaging methods, as motion capture based assessments must take into
account skin artefact, corrections for adiposity/soft tissue, and possible musculoskeletal
deformities that make applications of these methods insufficient.92 However, due to the radiation
exposure, and monetary and time costs of the “gold standards,” determining the best predictive
method is vitally important and should be a primary focus for biomechanical research.
EFFECTS OF FRONTAL PLANE TIBIOFEMORAL ALIGNMENT ON KNEE
BIOMECHANICS DURING WALKING AND STAIR NEGOTATION TASKS
More than 10% of the US population has been reported to have some form of
osteoarthritis, with 67% of OA cases involving the knee joint.93 The risk of developing
symptomatic KOA in any person’s lifetime is over 44%.94 Therefore, determining the
mechanisms behind knee joint cartilage degradation is essential in efforts to understanding this
joint disease. While the mechanical axis is an important indicator of knee joint health,
assessments of dynamic knee joint biomechanics (e.g. frontal and sagittal plane knee kinematics
and kinetics) during common tasks reveal possible mechanisms behind the onset and progression
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of KOA.42,55,95 Frontal plane knee angles and moments, i.e. knee adduction angle and KAM, are
commonly measured in individuals with KOA, as these are linked to disease severity.9,16,42,95-97
The KAM is an important measurement in walking gait, as a determinant of medial knee
compartment loading. Abnormal KAM loads of the knee can disrupt the balance between
cartilage degeneration and repair,98 increase medial tibial bone mineral density,18 and decrease
medial tibial cartilage thickness.99,100 Thus, an increase in KAM, and therefore increase in medial
knee joint loads,16,101,102 can result in degradation of the medial knee cartilage and possible KOA.
Sagittal plane biomechanics are less frequently measured, but are important as they can provide
an assessment of the overall joint loading during walking. Sagittal plane biomechanics may be
altered to reduce pain103 or more evenly distribute the vertical loads.104 Knee joint angles are
determined by the relational alignment of the articulating femur and tibia, and have been shown
to differ within KOA and healthy population alignment groups in both frontal and sagittal
planes.105-107 Knee moments are influenced by the GRFs in the movement, as well as the location
of the knee joint center relative to the center of pressure of the GRF. The location of the knee is,
in turn, dependent upon the dynamic alignment of the femur and tibia. Therefore, a link between
the mechanical axis and dynamic alignment could provide further insight into the mechanisms of
the progression of OA. This link could also be used in determining risk of KOA development
later in life. As no studies have investigated differences in stair gait biomechanics between
different knee alignments, this review will focus on the existing literature of level ground
walking gaits.
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EFFECTS OF ALIGNMENT ON FRONTAL PLANE KNEE KINEMATICS & KINETICS IN
KOA POPULATIONS
Experimentally measured KAMs in level walking have been shown to increase with level
of KOA severity.9,16-19 Several studies have found increased 1st peak KAM in severe compared to
moderate KOA patients.18,41,48,55,108 Additionally, KOA severity is linked to the magnitude of
varus alignment,8,18,51 with higher degrees of varus alignment found in more severe KOA
patients. In agreement with the relationship between KOA severity and KAMs, studies have
found that a more varus alignment results in increased KAMs18,41,51,106,107,109,110 and knee
adduction angles105,107 in KOA patients and healthy controls. These KAM increases are likely
due to the greater dynamic GRF moment arms.53,55,56 However, the linkage between the
mechanical axis and dynamic knee alignment, involving these GRF moment arms, remains
uncertain as results vary between studies.41,55,111,112
Analyses of the relationship between frontal plane gait biomechanics and mechanical
axes in KOA patients have shown 24%,107 27%,109 27.9%,48 and 40%106 first peak KAM
increases in varus (8.2° 107, 5.6° 109, 5.7° 48, 5.6° 106) compared to neutral/control (NR 107, 1.2°
109

, 0.3° 48, 1.4° 106) alignment groups. Comparisons between more severe and less severe varus

alignment patients have shown important KAM differences.18,51,110 The more severe varus
alignments (14.0° 18, ~6.1° 51, >9.0° 110) had KAM increases of 51%, 52.5%, and 89%,
respectively, compared to moderate varus alignment groups (10.0° 18 , ~4.0° 51 , <5.0° 110) during
normal level ground walking. In addition, two studies have found nearly 2-fold KAM increases
in varus compared to valgus knee alignments.107,109 Significant increases in knee adduction
angles and KAM have also been found in age-matched medial versus lateral KOA patients,113
though no measurements of knee alignments were obtained. This study found three-fold
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increases in KAMs in the medial compared to lateral KOA groups, and a ~52% increase in KAM
of medial KOA compared to healthy controls. The compilation of current research studies shows
that the mechanical axis is indeed important in regards to frontal plane knee loading. A more
varus aligned knee will likely incur greater KAMs, which are detrimental to the health of the
medial compartment of the knee joint.
Frontal plane knee alignment also seems to be linked to dynamic knee alignment.105-107
Medial KOA patients with varus alignment have shown increased peak knee adduction angles
ranging from ~2° to ~5° compared to neutral KOA patients,105-107 and ~12° increases compared
to valgus KOA patients107 in level ground walking. Additionally, one study has shown increases
in peak knee adduction angles in a medial KOA group of ~18° compared to lateral OA and ~8°
compared to healthy controls.113 These alignment dependent kinematic assessments provide
further insight into the differences between alignment groups. With these studies results, it seems
the dependency of joint loading on dynamic alignment is also influenced by static frontal plane
alignment.53,55,56
EFFECTS OF ALIGNMENT ON SAGITTAL PLANE BIOMECHANICS IN OSTEOARTHRITIC
POPULATIONS
Although KOA patients have been shown to increase frontal plane knee loading
compared to healthy adults, loading differences in the sagittal plane are less
certain.19,41,48,103,104,114 Loading reductions by KOA patients in the sagittal plane are thought to
decrease knee compressive forces in reaction to pain,103,115 and are often accompanied by
reduced walking speed.48,116 However, others depict the need for increasing sagittal plane
moments to evenly distribute the load across the knee joint.104 Although the reasoning is
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disputed, sagittal plane biomechanics do seem to vary between KOA severity108 and knee
alignment groupings.106,107,109,115
Several studies have shown no internal knee extension moment differences exist between
varus and neutral alignment KOA patients.48,106,109 At similar walking speeds, varus KOA
patients had comparable sagittal plane knee moments48,109 to neutral alignment patients. Several
studies have found significant internal peak knee flexion moment differences in varus and valgus
alignments compared to neutral alignments,107 moderate compared to severe KOA patients,108
and medial and lateral KOA patients compared to healthy controls.113 Varus and valgus KOA
patients have shown decreased internal peak knee extension moments compared to a control
group at similar walking speeds, by ~39% and ~42% respectively.107 Severe KOA patients have
also shown significantly decreased early stance internal knee extension moments compared to
moderate KOA patients, showing reductions of ~46%.108 Additionally, both medial and lateral
KOA patients had reduced knee extension moments by ~46% compared to healthy controls.113
Kumar et al. (2013)106 found non-significant differences in internal peak knee extension
moments, but did not control for walking speed between groups. The disparity in sagittal plane
joint loading between studies could be indicative of differences in KOA severity levels; however,
one study had both severe and moderate KOA subjects who had differences in knee alignments
of 6° but no differences in sagittal plane moments.48 Another reasoning could be differences in
pain levels between groups. However, the variety of pain grading scales used (VAS48, KOOS106,
WOMAC107-109) make comparisons somewhat difficult. The KOOS and WOMAC scales are 7day recall pain measurements, while the VAS in an acute measurement. Therefore, due to the
conflicting results of the current literature, it seems modifications of sagittal plane knee joint
loading within KOA patient groups are unclear.
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Disparity also exists within KOA patients in sagittal plane motion at the knee.48,107,108,113
Two studies comparing KOA severity levels found contrasting results.48,108 While one severe
KOA group walked with significantly less peak knee flexion (45.9° vs. 61.3°) and range of
motion (49.9° vs. 66°) compared to the moderate KOA group,108 others showed no differences in
peak knee flexion or range of motion.48 In regards to knee alignment, knee flexion range of
motion differences were found in varus and valgus KOA patients compared to controls (~42° &
~45° vs. ~54°), but not within the KOA groups.107 Only the varus group had significantly
reduced peak knee flexion compared to the controls. Similar to Turcot et al. (2013),107 one study
found medial and lateral KOA patients had reduced peak knee flexion compared to controls (53°
& 55° vs. 60°), but no differences existed within KOA patient groups.113 Overall, reductions of
knee flexion during the stance phase of gait do not follow with one type of knee alignment or
KOA severity level. The reductions found between these groups could be due to amount of knee
pain, but further investigation is warranted.
In summary, frontal and sagittal plane biomechanics differences do exist within some
KOA patient groups. While increases in KAMs and adduction angles are involved with the more
varus aligned and severe medial KOA patients, some patients do exhibit reduced sagittal plane
loadings, possibly to reduce pain and offload the joint. Individuals who are more varus aligned or
have severe KOA may be susceptible to further joint degradation, and may benefit more from
possible gait training interventions.
EFFECTS OF ALIGNMENT ON BIOMECHANICS IN HEALTHY POPULATIONS
Varus alignment in healthy individuals has been shown to double the risk of KOA
development.117 This increase in risk could be due to the relationship between the mechanical
axis and KAM,16,41,52,53 as higher KAM are indicative of medial knee joint loading that could
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degenerate the joint.9,16-19 While fewer studies have investigated the relationship between gait
biomechanics (both frontal and sagittal planes) and static alignment in healthy compared to KOA
patients, significant differences have been found between knee alignment groups of healthy
individuals.111,118-120 Investigations on healthy varus and neutral alignment adults are important,
as the information could provide the framework for interventions before the progression or onset
of KOA occurs in these individuals.
Through assessments of normal level ground walking gait in healthy adults with varus
(mechanical axis <0°) and valgus (mechanical axis >0°) knee mechanical axes, the KAM has
been found to increase with the degree of varus alignment, and to decrease with neutral and
valgus alignments.111 The varus subjects had higher KAMs [3.65% Body Weight (BW) x Height
(H)] compared to the valgus subjects (2.97% BWxH). Others have found significant increases in
KAMs and knee adduction angles in varus (mean >10° varus) compared to “normal” (mean 7-9°
varus) alignments measured using the tibial mechanical axis.118,119 These studies found KAM
increases of ~42%119 and ~35%118 in varus compared to normal alignments. Additionally, peak
knee adduction angles were 5.5° 119 and 5.0° 118 greater in the varus groups. Although not
completely applicable to adults, significant differences have been found in varus compared to
control group children aged ~15 years.120 The varus group walked with higher KAMs in mid and
terminal stance, and had 7.6° greater peak adduction angles during stance. Per the current
literature results, more varus aligned healthy adults have increased KAMs, which may be a result
of their increased knee adduction angles. Therefore, these individuals should be monitored for
their possible increased risk for KOA later in life.
Only two studies have provided assessments of the relationship between sagittal plane
biomechanics and the mechanical axis in adults.118,119 Contrasting with the results found within
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OA patients, these studies found that healthy varus aligned adults walked with increased peak
knee flexion during stance compared to more neutral aligned adults (~3.0° 119 and ~4.0° 118). No
other sagittal plane biomechanics were different between groups. These very few results indicate
that varus aligned healthy adults do not modify their sagittal plane biomechanics to “vertically
off-load” the joint, as some KOA patients do.
In conclusion, healthy adults and children with greater varus alignment show increased
KAMs and knee adduction angles, similar to those in varus and severe KOA patient groups.
These increases in KAMs could result in greater medial joint loading. Since there are relatively
few studies investigating sagittal plane gait biomechanics differences within alignment groups of
healthy adults, further research is warranted.
SUMMARY - EFFECTS OF FRONTAL PLANE KNEE ALIGNMENT ON GAIT
BIOMECHANICS
Frontal plane knee alignment is strongly related to the walking gait KAM in both
healthy111,118,119 and KOA populations.18,48,108 More varus aligned knees (which is linked with
KOA disease progression) incur higher KAMs, resulting in increase loading to the medial knee
compartment. Sagittal plane biomechanics vary within healthy118,119 and KOA alignment
groups,48,107,108,113 resulting in an inconclusive relationship between alignment and sagittal plane
kinematics and kinetics. However, changes in sagittal plane loading (i.e. internal knee extension
moments) may occur as a mechanism to reduce overall loading of the joint so as to reduce
pain.103,115 Therefore, further research is warranted to more thoroughly determine the effects of
knee alignment on multi-planar knee joint loads.
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EFFECTS OF GAIT MODIFICATIONS ON KNEE BIOMECHANICS
Due to the dependence of the KAM on the frontal plane GRF moment arm,55 gait
modifications have been proposed to move the GRF line of action closer to the knee joint center.
One such gait modification, foot progression angle, has shown promising results in reducing the
overall KAM during level ground walking.41,45,47 The foot progression angle is the angle of the
foot in the transverse (x-y) plane, in relation to the forward progression of the body or tibia.121
By increasing the rotation of the foot internally or externally, the knee can become closer to GRF
line of action either during the 1st or 2nd half of the stance phase movement, respectively.45 An
alternative gait modification to reduce the peak KAM is the modification of step width.43,50,122,123
Specifically, increased step width has been shown to reduce the 2nd peak KAM in both level
walking and stair negotiation tasks.43,49,50,123,124 Therefore, an understanding of the current
literature base on each of these two individual gait modifications is important to detail their
efficacy in reducing the overall KAM.
EFFECTS OF FOOT PROGRESSION ANGLE ON THE KNEE ABDUCTION MOMENT
Modifications to the foot progression angle have been shown to affect frontal plane knee
joint moments.45-47,121,125 Specifically, increased toe-in angle (internal rotation) has decreased the
1st peak KAM in both healthy44,47,126 and KOA45,46 participants, whereas increased toe-out angle
(external rotation) has decreased the 2nd peak KAM in healthy121,127 and KOA41,44,46,47,125,126
participants. As abnormal KAMs can be strong contributors to the progression of KOA, it may
be advantageous to induce a walking gait that first internally and then externally rotated the foot.
However, this would likely be an impossible task. Therefore, a single modification would have
to be chosen. Since only the toe-in gait modification has been shown to reduce the 1st peak
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KAM, which is strongly related to KOA9, this review section will focus on toe-in gait
modifications.
In the current literature, toe-in gait modification studies have targeted ~10° 46, ~6° 45, or
subject specific “maximal comfortable”47,126,127 foot progression angles in both healthy and KOA
participants. In healthy participants, one study found a significant 13.5%126 reduction in 1st peak
KAMs using toe-in compared to self-selected foot progressions, while another study found a
9.7%127, though it was not significant. Additionally, significant reductions of 45%47 and 13%45,
and non-significant reductions of 7.0%46 and 4.4%126 1st peak KAMs reductions have been found
in KOA patients. These reductions are proposed to be due to decreased GRF moment arms to the
knee joint, as GRFs and walking speeds remain similar between conditions.45 The reduced
moment arms are likely due to moving the knee joint medially and moving the center of pressure
laterally.45 This medial movement of the knee joint may be especially important for persons with
static varus alignment, as static varus alignment is associated with increased knee adduction
angles and KAMs during level ground walking.118,119 However, to date, no study has examined
efficacy of increased toe-in on KAM and related knee kinematics of people with different knee
alignments.
Toe-in gait modifications have also been shown to impact the 2nd peak KAM.45,46,126,127
However, the specificity of this impact is under debate. Whereas studies have shown a nonsignificant 5.7%46 and a significant 64%127 increase in the 2nd peak KAM, three studies have
found non-significant 0%47, 2.5%126, and 2.0% 45 decreases in the 2nd peak KAM. The
discrepancies between these studies could lie in the participants’ natural foot progression angles.
The natural foot progression angle in the study by Lynn et al.127 was over 18°. However, the
other studies had 8.71° 47, 4.5° 46, 7.5° & 11.5° 126, and 3.3° & 3.9° 45, natural foot progression
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angles. Therefore, in order for the participants to achieve a toe-in gait in the Lynn et al.127 study,
the participants would have to overcome nearly 20° toe-out before reaching a neutral foot
position. This could result in different walking strategies for these participants in comparisons to
the other studies. Although the effect of toe-in gait modifications on the 2nd peak KAM is
uncertain, coupling this modification with increased step width may result in a reduction of both
1st and 2nd peak KAMs.
EFFECTS OF INCREASED STEP WIDTH ON THE KNEE ABDUCTION MOMENT
Little research has been dedicated to the comparisons of step width on lower extremity
joint variables. However, positive results with increased step width have been found in level
ground walking95,123 and running122, and stair ascent124 and descent50 tasks. In one patient with an
instrumented knee prosthesis, peak KAMs were reduced by 4.7% using an increased step width
gait (width not reported).95 However, this study also found a 5% increase in medial knee joint
contact force using increased compared to self-selected step width. Interestingly, a toe-out gait
modification of this same participant resulted in 57% increase in overall peak KAMs. Through
simulations of experimental data, increasing step width (width not reported) has shown a 9%
decrease in peak KAM during level ground walking.123 The effect of an increased step width
(20% leg length) in running was also positive, showing a 13.4% reduction in overall peak
KAMs, though not significant.122 The 1st and 2nd peak KAMs have also been significantly
reduced using step widths of 26% (wide) and 39% (wider) leg length in healthy older adults
during stair ascent49 and descent50. During stair ascent, the wide step width significantly reduced
1st and 2nd peak KAMs by 11.1% and 20.0%.49 The wider step width reduced 1st and 2nd peak
KAMs by 19.4% and 36.7%, respectively.49 During stair descent, the wide step width reduced 1st
and 2nd peak KAMs by 5.2 and 8.3%, respectively.50 The wider step width reduced 1st and 2nd
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peak KAMs by 5.2 and 20.8%.50 Therefore, it seems increased step width could be an additional
gait modification in reducing the KAMs experienced during a variety of tasks.
SUMMARY OF TOE-IN AND STEP WIDTH GAIT MODIFICATIONS ON KAMS
Increased toe-in and increased step width gait modifications have been successful in
reducing 1st and 2nd peak KAMs.45-47,50,122,123 Toe-in angles from 5°45 to 10°47 have significantly
reduced the 1st peak KAM in both healthy and KOA patients during level ground walking.
Increased step widths have been shown to reduce the 1st and 2nd peak KAMs in walking, running,
and stair ascent124 and descent tasks.50,122,123 Therefore, a combination of increased toe-in and
increased step width could result in reductions of both the 1st and 2nd peak KAMs. However, no
previous study has investigated combined toe-in and increased step width gait modifications to
reduce the KAM. Similarly, no current study has investigated the effects of combining these gait
modifications in level walking or stair negotiation tasks. Additionally, the efficacy of these
modifications in different frontal plane tibiofemoral alignment groups remains unknown.
Therefore, further research is warranted to analyze the combined effects of these two gait
modifications in people with different alignments.
CLOSING STATEMENT
This review encompasses some of the current research literature on static and dynamic
analyses of tibiofemoral alignment, common motion capture methods to predict HJCs, and the
dependency of knee joint loading on tibiofemoral alignment. Although assessments of static
tibiofemoral alignment have been previously performed in the literature, there are multiple
methodological advancements that can be made. Motion capture analyses can also be improved
through determination of the best HJC prediction methods. In regards to dynamics based
research, further comparisons should be made to determine how tibiofemoral alignment affects
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stair negotiation tasks. Additionally, our understanding of toe-in and wider step width gait
modifications during walking and stair negotiation tasks can be further strengthened through
measurements of these modifications in different alignment groups, and combining these
modifications to reduce both 1st and 2nd peak KAMs.
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CHAPTER III
A CLINICAL MEASUREMENT BASED REGRESSION EQUATION OF
RADIOGRAPHIC FRONTAL PLANE TIBIOFEMORAL ALIGNMENT
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ABSTRACT
Background
The knee mechanical axis angle (MA) assesses frontal-plane knee alignment using radiographs.
However, a series of non-radiographic and clinical measurements encompassing femoral and
tibial alignments may be suitable alternatives to radiographs.
Question/Purposes
The purposes of the current study were to develop a regression model to predict radiographic
knee MAs using several clinical measurements of the full lower limb and pelvis and to validate
the regression model using participants with valgus, varus, and neutral lower limb alignments.
Methods
Radiographic MAs were measured on forty healthy adults using standard anteroposterior fulllimb standing radiographs. Each participant’s radiographic MAs were measured using standard
methods from the literature. Six clinical measurements, including thigh and shank lengths,
pelvic, epicondylar, and malleolar widths, and the caliper method, were performed on each
participant. The clinical measurements were input into a step-wise multiple regression analysis to
obtain regression models that predict radiographic MAs. Regression models were compared
using Akaike’s information criterion (AICc). Cross validation of the regression models were also
performed using the predicted residual sum of squares (PRESS) and through using predictions of
the three knee alignment groups.
Results
The best-fit regression model was a combination of caliper, malleolar width, and thigh length
measurements (AICc=152.47, r2=0.83). The best-fit model was shown to be valid in predicting
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single MAs from the dataset (PRESS=96.29), but did not perform as well when predicting MAs
of the individual alignment groups (average r2=0.60).
Conclusions
The caliper-malleolar width-thigh length regression model includes femoral and tibial alignment
variables, can accurately predict radiographic MAs, and was shown to be a valid predictor of
MAs. The best-fit regression model can be easily implemented in frontal plane knee alignment
assessments, reducing costs and radiation exposure to patients.
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INTRODUCTION
The knee mechanical axis angle (MA) is a common measurement for assessing static
frontal plane knee alignment in patients with knee osteoarthritis (KOA). This measurement is
highly important, as it has been linked to the current state 11,14 and progression of KOA 10,12,13,51,
as well as the external knee adduction moment 41,52-54. The MA is typically measured from an
anteroposterior full-limb standing radiograph. The MA is the angle between two connecting
lines: one from the center of the femoral head to the center of the tibial intercondylar eminence
and one from the tibial intercondylar eminence to the center of the talus 15,21-24. Typically, a
mechanical axis of 180° ± 2° is considered a neutral knee alignment 13,15. Deviations from
neutral are deemed as valgus (>182°) or varus (<178°). Although radiographs have long been
considered the “gold standard” in assessing true frontal plane knee alignment, multiple clinical
methods are used as surrogate measures of radiographic alignment 21,23-25,59. These clinical
methods include the tibial inclination angle 21,24, goniometer 21,25, and caliper methods 21,23,26.
Clinical measurements are easy to obtain and can be valuable tools for knee alignment
assessments, if proven to be sufficiently accurate. Additionally, clinical measurements do not
require exposure to radiation and pose little cost to patients and clinicians.
Previously, the most common method of assessing frontal plane knee alignment was the
method developed by Magee 59. This method visually determines alignment as the presence of a
gap between the medial tibial condyles or medial malleoli of both legs, once the lower limbs
have been adducted in a standing position. However, this method does not provide quantitative
data of knee alignment, and has been shown to only moderately correlate with radiographic
measures using rank correlations (Spearman’s rho = 0.52) 21. Alternative clinical methods have
shown stronger relationships with the MA than the Magee method. The tibial inclination angle is
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measured as the angle between the line connecting the center of the talus to the tibial tuberosity
and the vertical line. Tibial inclination has been found to strongly correlate with the MA, with
Pearson correlation (r) ranging from 0.80 to 0.83 21,24. The goniometer method is measured as the
angle between lines from mid-thigh to the patella and the patella to the patellar tendon below the
knee joint. The goniometer method has the weakest strength of correlation, with r-values
between 0.32 and 0.67 21,25. The caliper method measures the distance between either the noncontacted medial tibial condyles or medial malleoli when a participant performs single limb hip
adduction through contralateral limb contact. The caliper method was found to be a highly
reliable measurement 26. and had strong correlations with the MA, 0.76 21 and 0.89 23. While
these clinical methods are strongly related to the MA, there is still a relatively large amount of
variance that is not accounted for (>20%). The unexplained variance of these clinical methods
could be, in part, due to a lack of inclusion of variability in femoral alignment. The tibial
inclination method focuses only on tibial alignment, while the distance measurement using the
caliper method includes the distal femoral and tibial alignments, but not proximal femoral
alignment. As frontal plane femoral alignment has been shown to contribute over 30% of the
variance in varus knee alignment 61. an improved clinical method should aim to include proximal
femoral alignment. Therefore, a combination of the caliper method (measuring distal femur and
lower leg alignment) with the addition of proximal femoral alignment measurements may result
in a more accurate MA prediction method. Including measurements of the full limbs and pelvis
may provide a geometric representation of lower limb alignment. To our knowledge, no study
has combined several clinical measurements to predict the MA.
Therefore, the purposes of the current study were to develop a regression model to
predict the radiographic knee MA using several clinical measurements of the full lower limb and
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pelvis and to validate the regression model using participants with valgus, varus, and neutral
lower limb alignments.
METHODS
PARTICIPANTS
Forty healthy individuals (age: 23.6±3.3 years, height: 1.8±0.1 m, mass: 72.5±13.8 kg)
were recruited from the university campus to participate in this study. Participant exclusion
criteria included any major lower extremity musculoskeletal injuries within the previous 3
months, knee pain for at least 6 months during activities of daily living, diagnosed lower
extremity joint osteoarthritis, any diagnosed chronic disease, and body mass index (BMI) greater
than 35. All included participants signed an informed consent form approved by the university
institution review board.
CLINICAL BASED MEASUREMENTS
A single investigator performed six clinical measurements on each participant, all
completed before radiographs were obtained. The six measurements included the caliper
method, thigh and leg lengths, and pelvic, epicondylar, and malleolar widths. Each measurement
was repeated three times, and was performed with the participant in a standing weight bearing
position with feet facing forward. The average of the three measurements was used for further
analyses.
For the caliper method, either the inter-medial tibial condylar or inter-medial malleolar
distance was measured by a hand-held caliper (Spring caliper, Model 2060A24, McMaster-Carr,
Atlanta, GA) 21. Participants initially stood with feet shoulder width apart. Next, their weight
was placed on their left lower limb, followed by hip adduction of their right lower limb until
their lower limbs contacted. Patients then stood with their weight evenly distributed on both feet.
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The inter-medial tibial condyle distance (dic) was expressed as negative and inter-medial malleoli
distance (dim) as positive 21.
Bilateral thigh, and leg lengths were measured on each participant using a standard
flexible tape measure. Thigh lengths were measured from the greater trochanters to the lateral
epicondyles (LT, Figure 1a). Leg lengths were measured from the lateral tibial condyles to the
lateral malleoli (LL, Figure 1b).
Inter-trochanteric distance (between left and right greater trochanters), and epicondylar
and malleolar widths of both limbs (Figure 1a and 1b) were measured using a hand-held caliper
(Anthropometer, Model 01290, Lafayette Instrument Company, Layfayette, IN).
In an attempt to improve upon the MA prediction methods, we also derived a geometric
MA calculation method using the clinical measurements to estimate femoral and tibial
alignments. Estimated femoral and tibial alignments were then combined to predict MAs.
Femoral alignment was estimated using the following equation:
𝑑

𝜃𝐹 = sin−1 (𝐿 𝑇 ) + 90°
𝑇

where the greater trochanters and lateral epicondyles were chosen for the proximal and distal
endpoints, dT: distance between the greater trochanter and lateral epicondyle represented by 𝑑𝑇 =
𝑑1 − (𝑑𝑒 +

1
2

𝑑𝑖𝑐 ), d1: 50% inter-trochanteric distance (Figure 1a), de: epicondylar width, and

dic: inter-medial tibial condylar distance. The 90° term was added to represent femoral alignment
relative to the right horizontal. Tibial alignment was estimated using the following equation:
𝑑𝐿
𝜃𝑇 = cos −1 ( )
𝐿𝐿
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where dL: distance between the lateral epicondyle and lateral malleolus represented by 𝑑𝐿 =
(𝑑𝑒 +

1
2

𝑑𝑖𝑐 ) − (𝑑𝑚 +

1
2

𝑑𝑖𝑚 ), dm: malleolar width, and dim: inter-medial malleolar distance.

Finally, MAs were determined as
𝑀𝐴 = 𝜃𝐹 + 𝜃𝑇 .
RADIOGRAPHIC MECHANICAL AXIS MEASUREMENTS
Anteroposterior full-limb standing radiographs of all participants were obtained using a
130 x 36 cm cassette, performed at a local orthopaedics clinic. Participants stood with weight
equally distributed on both feet, and both tibial tuberosities and feet facing the x-ray beam 15,21,22.
A stand holding a 2.54 cm sphere was placed between the participant’s legs and later used for
image calibration.
The obtained radiographs were analyzed using InteleViewer software (Intelerad,
Montreal, Quebec, Canada). The mechanical axis of each limb was then determined using
standard procedures, determined previously in the literature 14,15,21-24. The center of the femoral
head was determined as the centroid of a circle fit to the boundary of the femoral head. The
center of the tibial intercondylar eminence was measured as the midpoint between the medial and
lateral spines. The center of the talus was determined as the center of the full talar width. The
MA for each limb was measured by connecting two lines, one from the center of femoral head to
the tibial intercondylar eminence and one from the center of tibial intercondylar eminence to the
center of the talus. The medial tibiofemoral angle was used for assessing each MA. Varus and
valgus alignments were determined as <178° and >182°, respectively. Neutral alignments were
determined as 180 ± 2°. The MA was averaged for both limbs. Two investigators independently
performed the same measurements on each radiograph. Inter-rater reliability, as measured by
intraclass correlations, showed an excellent agreement between investigators (0.995).
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STATISTICAL ANALYSIS
The clinical measurements were averaged for both limbs and were input into a step-wise
multiple regression analysis (JMP®, Version 11. SAS Institute Inc., Cary, NC, 1989-2015).
Akaike’s Information Criterion (AICc) was used to determine the best regression model out of
all model combinations 128-130. The AICc details each model’s goodness of fit, accounting for
model accuracy and complexity. For model comparisons, raw AICc values (AICci) were
automatically calculated for each model in the statistical software. The relative likelihood (L)
was computed using the difference between each AICc and the minimum AICc (AICcm) using
the following equation:
L = 𝑒 −0.5∗𝛥𝑖
where Δi = AICci – AICcm. Relative likelihoods were normalized using the sum of relative
likelihoods to obtain their respective AICc weights (W):
W=

𝐿𝑖
∑𝐿

.

The AICc weights are the probabilities of each model being the best model, given the data and
set of models (e.g. W=0.60 refers to a 60% probability in this being the best model). The
predicted residual sum of squares (PRESS) statistic, a hold-one out cross validation method, was
used to assess the validity of the regression model by creating an adjusted sum of square (SS)
error 131,132. The PRESS statistic was then used to compute each model’s predictive explained
𝑃𝑅𝐸𝑆𝑆

variance using the total SS: cross validation r2 =1- 𝑇𝑜𝑡𝑎𝑙 𝑆𝑆. The PRESS statistic was used to
compare predictive validity of the top-5 regression models. Additionally, the best-fit model was
tested through predictions of the three individual knee alignment groups.

43

RESULTS
The average radiographic MA for the participant pool was 178.5°, ranging from 172.0° to
184.2°. The strongest correlation between clinical measurements and the average MA was the
caliper measurement (r=0.89, Table 1), followed by inter-trochanteric width (r=0.36). The stepwise regression analysis showed the best-fit model was a combination of caliper method,
malleolar width, and thigh length (AICc=152.47, r2=0.83; Table 2 and Figure 2):
𝑀𝐴 (°) = 180.07 + 0.64 ∗ 𝐶𝑎𝑙𝑖𝑝𝑒𝑟 − 1.01 ∗ 𝑀𝑎𝑙. 𝑊𝑖𝑑𝑡ℎ + 0.18 ∗ 𝑇ℎ𝑖𝑔ℎ 𝐿𝑒𝑛𝑔𝑡ℎ

Parameter estimates of the best-fit model showed the caliper and malleolar width measurements
were significant predictors of MA within the model (p<0.001 & p<0.05), with thigh length
approaching significance (p=0.06). The dataset contained normally distributed residuals, but one
possible influential data point (Cook’s Distance=0.40). Although removing this data point
increases the r2 by 0.02, we could not find errors with our measurements to justify its removal.
Comparing the top models using AICc weights, the best-fit model of caliper-malleolar
width-thigh length (W=0.36) was nearly 2 times more likely to be the best model compared to
the second best-fit model of caliper method-malleolar width (W=0.18), and 2.15 times more
likely to be the best model compared to the caliper method alone (W=0.17; Table 2). The
calculation method based on the clinical measurements predicted radiographic MAs with
moderate strength (AICc=166.21, r2=0.72; Table 2 and Figure 3). The PRESS statistic indicated
the best-fit model was the strongest model for predicting individual MAs (PRESS=96.29; Total
SS=454.00; Table 2), and had a cross validation r2 of 0.79. The best-fit model predicted MAs of
the neutral, varus, and valgus groups with only moderate strength (r2 = 0.59, 0.60, and 0.64,
respectively).
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DISCUSSION
Although individual clinical measurements have been utilized as surrogate measures of
the MA, we surmised that a combination of clinical measurements, including proximal femoral
alignment assessed through limb lengths and pelvic width, would enhance current MA prediction
methods. The step-wise multiple regression analysis found that the model with a combination of
caliper method, malleolar width, and thigh length was the best regression model, explaining
more variance in MAs than any of the regression models with individual or combinations of
clinical measurements performed in this study. In addition, this regression model had a higher
explained variance than the caliper 21,23,26, tibial inclination angle 21,24, and goniometer 21,25
methods described in the literature. In agreement with results from the literature [9, 17], this
study confirms that the caliper method was the strongest individual predictor of MAs (r2=0.79).
Therefore, it seems that the caliper method accurately accounts for distal femoral and tibial
alignments, and is superior to any other individual clinical measurement. Surprisingly, pelvic
width (inter-trochanteric distance) was not an important variable individually (r2=0.13), or within
the step-wise regression analysis. In addition, no other individual measurement of this study had
an r2 greater than 0.2. Although inter-trochanteric width did not qualify for the best-fit regression
model, the model does include variables associated with alignment related measurements of both
the tibia (malleolar width, caliper) and femur (thigh length, caliper).
An important result of this study is that malleolar width and thigh length improved MA
predictions by the model. The significance of malleolar width and thigh length variables within
the model shows that MAs are subject to more than just distal femur and tibial alignments. As
malleolar and epicondylar widths had a moderate correlation (r=0.63), malleolar width
measurements may represent the size of the knee and ankle joints. The representation of knee
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and ankle joint size by using the malleolar width could be coupled with the caliper method to
further predict the true distance between knee (varus) and ankle (valgus) joint centers in an
adducted-limb position. Thigh length, though not currently statistically significant (p = 0.06),
would likely also reach a significant level with an increased number of participants. The positive
association between thigh length and MA within the current regression model is in agreement
with results from a previous study 61, which found that femur lengths were generally larger in
valgus compared with both neutral and varus alignment groups. We initially thought a
combination of thigh length and inter-trochanteric distance could represent the alignment of the
proximal femur, i.e., the femoral head orientation. However, this was not the case, as intertrochanteric distance was not a strong predictor of MAs alone. Other clinical variables should,
therefore, be investigated to assist in predicting proximal femoral alignment.
Assessing predictive ability, or validity, of regression models is important when
considering further usage of a regression model. This is certainly true of knee alignment
predictions, as dissemination of knee alignment information to patients can lead to erroneous
assumptions about their knee health. Ideally, a training set and a test set should be used to first
create and then validate the regression model 133. However, we chose to employ cross validation
using PRESS statistics, so that the entire participant pool was utilized in determining the best-fit
model and provided the largest amount of data points possible due to the relatively small sample
size. The PRESS statistic showed the caliper -malleolar width-thigh length model retained 95%
of its original explained variance, indicating this model has validity in predictions of MAs. Cross
validation of the regression models is a strength of this study, as none of the previously reported
studies have performed validations of their prediction models. While valid in predicting
individual MAs within this dataset, the model was limited in its ability to predict MAs within the
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three knee alignment groups (average r2=0.61). The decrease in explained variance should be
somewhat expected, as relatively large variability exists within each knee alignment group (see
Figure 2). Therefore, caution should be used when implementing this model on individual
alignment groups. Further investigation is warranted to determine if other factors may be
associated with the reduced predictability of the regression model.
We initially thought the calculation method would outperform the individual clinical
measurements. Due to the inclusion of the clinical measurements within the calculation method,
causing higher correlations with some of the clinical measurements, the calculation method
could not be incorporated into the step-wise regression analyses. While the calculation method
was a good predictor of MAs (r2=0.72), the calculation method did not surpass any of the top 5
best-fit models. The calculation method was, however, able to retain 97% of its original
explained variance when evaluated using cross validation (cross validation r2=0.70). There are
several limitations that likely influenced MA predictions of the calculation method, which are
inherent to the clinical measurements we utilized. First, the calculation method predicts femoral
and tibial alignments using thigh and leg lengths measured from lateral bony landmarks. The
lateral tibial condyle and malleoli may be acceptable in determining tibia length. However, the
greater trochanters and lateral epicondyles do not represent true femur length. Femur length
should be more accurately measured from the femoral head to the center of the epicondyles.
Furthermore, the femoral alignment prediction used in the calculation method represents the
alignment of the greater trochanters with respect to the lateral epicondyles (i.e. lateral femoral
alignment). The lateral femoral alignment may serve as a good estimation of femoral shaft
orientation, but may not accurately represent the femoral mechanical axis (alignment of the hip
joint center with respect to the center of the epicondyles). However, due to the location of the
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femoral head deep within soft tissue, which cannot be measured without using imaging
techniques, we chose to utilize the more easily palpable greater trochanters. Secondly, we
measured the inter-tibial condyle distance for the caliper method, which may not be the same as
inter-femoral condyle distance. In doing so, there may be slight errors in our distance
calculations between the lateral epicondyles and midline of the body. Lastly, the malleolar width
was measured between the medial and lateral malleoli, which are not parallel in the frontal plane.
As a result, there may be a difference between our measurements and the true mediolateral
distance between the malleoli in the frontal plane, which may cause a slight misrepresentation of
tibial alignment.
In summary, this study found that a combination of easily implemented clinical
measurements increases the prediction accuracy of frontal plane knee mechanical alignment. The
caliper-malleolar width-thigh length model is the strongest prediction method currently defined,
and has been validated using a robust cross validation method. This model is also the first
attempt to include proximal femoral alignment, which has been missing from previously defined
individual clinical measurements. Although no measurement will likely reach that of the gold
standard radiographic method, this model can be used as cost-effective alternative measure to
reduce cost to patients and requires no exposure to radiation.
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TABLE 1. CORRELATION MATRIX OF CLINICAL MEASUREMENTS, CALCULATION METHOD, AND MECHANICAL
AXIS ANGLES, AVERAGED FOR BOTH LIMBS.
Thigh
Length
Thigh
Length

Leg
Length

Epic.
Width

Mal.
Width

Int.Troch.
Width

Caliper

Calculation
Method

Avg.
MA

0.576

0.134

0.301

0.214

-0.090

-0.008

0.015

0.416

0.480

0.027

-0.073

-0.029

-0.094

0.626

0.300

0.247

0.0837

0.121

0.115

-0.127

-0.099

-0.227

0.356

0.534

0.362

0.847

0.892

Leg
Length

0.576

Epic. Width

0.134

0.416

Mal. Width

0.301

0.480

0.626

Int.-Troch.
Width

0.214

0.027

0.300

0.115

Caliper

-0.090

-0.073

0.247

-0.127

0.356

Calculation
Method

-0.008

-0.029

0.0837

-0.099

0.534

0.847

Avg. MA

0.015

-0.094

0.121

-0.227

0.362

0.892

0.849

0.849

Note: MA: knee mechanical axis angle, Epic. Width: epicondylar width, Mal. Width: malleolar width, and Int.-Troch. Width: intertrochanteric width (pelvic width).
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TABLE 2. TOP FIVE REGRESSION MODELS BASED ON AICC VALUES.
Rel.
Model
Rank
R-Square
RMSE
AICc
Likelihood
Caliper, Mal. Width,
1
0.83
1.48
152.5
1.00
& Thigh Length

Weight

PRESS

36.03

96.29

Caliper & Mal. Width

2

0.81

1.54

153.8

0.51

18.24

102.41

Caliper

3

0.79

1.57

154.0

0.47

16.79

105.22

Caliper, Epic. Width,
& Thigh Length

4

0.82

1.51

154.2

0.41

14.91

99.55

Caliper & Epic. Width

5

0.81

1.55

154.4

0.39

14.03

101.91

Calculation Method

N/A

0.72

1.83

166.3

N/A

N/A

137.76

Note: RMSE: Root mean square error, AICc: Akaike’s information criterion, and PRESS: Predicted residual sum of squares.
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Figure 1a.

Figure 1b.

FIGURE 1. PROPOSED FEMORAL AND TIBIAL ALIGNMENT CALCULATION
METHODS. 1a) Femoral alignment was estimated with respect to the vertical line by 𝜃𝐹 =
𝑑

sin−1 ( 𝐿 𝑇 ), where 𝑑𝑇 = 𝑑1 − (𝑑𝑒 +
𝑇

1
2

𝑑𝑖𝑐 ). To represent femoral alignment to the right
𝑑

horizontal, 90° was added. 1b) Tibial alignment was estimated by 𝜃𝑇 = cos−1 ( 𝐿𝐿 ), where 𝑑𝐿 =
𝐿

1

(𝑑𝑒 + 2 𝑑𝑖𝑐 ) − (𝑑𝑚 +

1
2

𝑑𝑖𝑚 ), and dim: inter-medial malleolar distance (not shown in figure).

Then, the MA was estimated as 𝑀𝐴 = 𝜃𝐹 + 𝜃𝑇 .
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Actual Average MA (°)

Best-Fit Model’s Prediction of MAs

Predicted Average MA (°)

FIGURE 2. BEST-FIT MODEL’S PREDICTION OF MECHANICAL AXIS ANGLES. Black
dots are individual MA data points. The red line indicates the regression equation of the best-fit
regression model. The shaded area represents the 95% confidence interval of the prediction.
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Actual Average MA (°)

Calculation Method’s Prediction of MAs

Predicted Average MA (°)

FIGURE 3. CALCULATION METHOD’S PREDICTION OF MECHANICAL AXIS
ANGLES. Black dots are individual MA data points. The red line indicates the regression
equation of the calculation method model. The shaded area represents the 95% confidence
interval of the prediction.
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CHAPTER IV
COMPARISONS OF THREE MOTION CAPTURE ESTIMATION METHODS of
FRONTAL-PLANE HIP JOINT CENTERS
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ABSTRACT
Several motion capture methods exist for predicting hip joint centers (HJC). These
methods include regression models, functional joints, and projections from greater trochanters
(TROCH). While regression and functional methods have been compared to imaging techniques,
the TROCH method has not been previously validated. The purpose of this study was to compare
frontal-plane HJCs and knee mechanical axis angles (MA) estimated using a regression (BELL),
a functional (FUN), and the TROCH method with those obtained using radiographs. Thirty-five
participants underwent a long standing anteroposterior radiograph, and performed static and
FUN motion capture trials. The BELL, FUN, and TROCH HJCs were constructed to predict
MAs and compare HJC locations. One-way repeated measures ANOVAs were used to compare
MAs and HJC locations estimated by motion capture methods and measured using radiographs
(p<0.05). All methods overestimated MAs compared to radiographs (<2°), but were not
different. Mediolateral HJC locations and inter-HJC widths were similar between methods, but
inter-HJC widths were underestimated (average 3.7%) compared to radiographs. The BELL HJC
was more superior and anterior to both FUN and TROCH methods. The TROCH HJC was more
posterior to both methods. The BELL method outperformed the other methods in leg length
predictions compared to radiographs. Although differences existed between methods, all HJC
location differences were <2.3 cm. This study validated the TROCH HJC prediction method
mediolaterally and vertically (with small respective correction factors). Therefore, all HJC
methods seem to be viable in predicting MAs and frontal-plane HJC locations compared with
radiographs.
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INTRODUCTION
Determination of true joint centers is essential in the study of human movement
biomechanics. In traditional motion capture based inverse dynamics, knee and ankle joint centers
are commonly set as midpoints between the femoral epicondyles and the malleoli, respectively.
While hip joint centers (HJC) are considered as the centers of the femoral heads, finding these
joint centers is more difficult due to their locations deep to the external skin and surround soft
tissues of the pelvis 27. Currently, there are three common HJC prediction method types:
regression models from pelvic landmarks, functional joint centers (FUN), and references from
the femoral greater trochanters (TROCH). The most widely used regression model is that from
Bell et al. (BELL) 29. There are a multitude of FUN methods. Both FUN and the BELL methods
have been compared to imaging based methods (e.g. radiographs, magnetic resonance imaging,
and ultrasound) 35,36,64,134. The TROCH method, while it has widespread usage 135-138, has not
been previously validated using imaging based methods in the literature.
Recently, the BELL, TROCH, and one FUN method 37 were shown as highly reliable 38.
However, the BELL and TROCH methods were shown to vary by 0.26 and 0.76 cm medially
compared to the FUN method, respectively 38. Since small errors in the HJC have been shown to
result in much larger errors in hip joint kinematics 70, kinetics 139, and joint contact 66 and
muscle 72 forces, assessing the accuracy of each method is crucial.
One method of validating motion capture HJC locations mediolaterally can be performed
using the frontal-plane knee mechanical axis angle (MA) measured on radiographs. The MA has
been used to assess frontal-plane tibiofemoral alignment in healthy 111, osteoarthritic 15, and total
knee replacement patients 140. The MA is the medial angle between two lines connecting the
center of the femoral head to the center of the tibial spines and the center of tibial spines to
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center of the talus 15,21-24. In addition, the MA has been predicted using the HJC, center of
femoral epicondyles, and center of malleoli using motion capture, and has a strong correlation
with the radiographic MA 24. Therefore, if knee and ankle joint centers were held constant,
variations between motion capture MA predictions would be due to HJC locations.
Therefore, the purpose of this study was to compare frontal-plane HJCs and MAs
estimated using these three common motion capture methods with radiographs.
METHODS
Thirty-five healthy individuals (age: 24.3±3.3 years, height: 1.75±0.9 m, mass: 71.7±14.1
kg) participated in this study. Exclusion criteria included any major lower extremity
musculoskeletal injuries within 3 months, knee pain in the previous 6 months during activities of
daily living, diagnosed lower extremity joint osteoarthritis, any diagnosed chronic disease, and
body mass index (BMI) greater than 35. All included participants signed an informed consent
form approved by the Institutional Review Board.
MOTION CAPTURE METHODS
A nine-camera motion capture system (240Hz, Vicon Motion Analysis Inc., UK) was
used to collect three-dimensional kinematics. Anatomical markers were placed bilaterally on the
iliac crests, anterior superior iliac spines (ASIS), posterior superior iliac spines (PSIS), greater
trochanters, femoral epicondyles, and malleoli. Clusters of four tracking markers were attached
to the posterior pelvis and thighs. One static trial was collected for the TROCH and BELL
methods. For the static trial, participants stood with their weight evenly distributed on each foot,
with feet forward facing and 36 cm apart. Two functional trials were collected (one for each
lower limb) for the FUN HJC. During functional trials, participants balanced on one leg and
performed an arc motion including flexion and extension, abduction and adduction, and
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circumduction of the hip 31 for four repetitions at self-selected speeds. The target ranges of
motion for flexion/extension and abduction/adduction were 60° and 30°, respectively 31. The
epicondylar and malleolar markers were not moved between trials. Kinematic data were
imported into Visual3D (5.0, C-Motion, Inc.), filtered at 8Hz, and used to compute all three HJC
methods. Pelvic and trochanter marker locations were corrected for their respective radii (14
mm). The FUN HJCs were determined using the method by Schwartz and Rozumalski 37,
resulting in a FUN HJC referenced to existing pelvic markers. The TROCH HJCs were
determined as 25% distance between the trochanters, added to the ipsilateral trochanter towards
the contralateral trochanter 38. The BELL HJC was computed using the ASIS and PSIS
markers 29. All three HJCs were built from the pelvis markers and applied to the same static trial,
so that the HJCs locations are comparable among all subjects.
Motion capture based MAs were calculated as the angle between two connecting lines: 1)
from each of the three previously defined HJCs to the knee joint center (center of the medial and
lateral femoral epicondyle markers) and 2) from the knee joint center to the ankle joint center
(center of the medial and lateral malleoli markers). Relative MAs were computed as the
difference between each method’s MA and radiographic MA. The inter-HJC width was
determined as the mediolateral distance between the HJCs. Additionally, leg lengths were
determined as the vertical distance from the center of the malleoli to the HJC.
RADIOGRAPHIC MECHANICAL AXIS MEASUREMENTS
All participants underwent an anteroposterior full-limb standing radiograph, performed at
a local orthopaedics clinic. A 130 x 36 cm cassette was used for each radiograph. The x-ray tube
was positioned 1.83 m from the participants. Each participant’s legs were aligned such that both
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tibial tuberosities and feet were facing the x-ray beam, with their weight distributed evenly on
both feet 14,15,21,24. A stand holding a 2.54 cm sphere was placed between the participant’s legs.
The obtained radiographs were analyzed using InteleViewer software (Intelerad,
Montreal, Quebec, Canada). Each radiograph was calibrated using the sphere. The mechanical
axis of each limb was then determined using the following standard procedures 14,15,21-24. The
centroid of a circle was fit to the femoral head, and was used as the center of the femoral head
(Figure 4a). The center of the tibial spines was determined as the center of the tibial spines width
(Figure 4b). The center of the talus was determined as the center of the full talar width (Figure
4c). The MA was measured as the medial angle between two connecting lines, one from the
center of femoral head to the tibial spines and one from the tibial spines to the center of the talus
(Figure 4d). Two investigators performed the same measurement techniques on each radiograph.
Intraclass correlations (ICC) were computed to assess consistency between the investigator’s
measurements. For comparisons with motion capture, inter-HJC widths were determined as the
mediolateral distance between HJCs, and leg lengths were determined as the vertical distance
from the center of the talus to the center of the femoral head (Figure 5).
STATISTICAL ANALYSES
All variables were averaged between limbs. One-way repeated measures analyses of
variance (ANOVAs) were used to determine differences in absolute and relative MAs, predicted
HJC locations by each method, and each method’s leg lengths. Statistical significance was set at
p<0.05, a priori. Post hoc paired-sample t-tests with Bonferroni adjustments were used to
analyze differences (for absolute MAs: p<0.0083; for relative MAs, HJC locations, inter-HJC
widths, and leg lengths: p<0.0167).
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RESULTS
There was an excellent agreement between the two raters on radiographic MA
measurements (ICC=0.998). There were differences between absolute MAs (F=28.74, p<0.01).
All motion capture methods predicted larger MAs than radiographs (all p<0.0167); however, no
differences were found between methods (all p>0.0083; Table 3). There were no differences
between relative MA predictions using motion capture.
Mediolateral HJC positions were not different between methods (Table 4).
Anteroposterior and vertical locations of the HJC were different between methods (F=106.04,
p<0.001 & F=56.12, p<0.001, respectively; Table 4). The BELL HJC was more anterior and
superior compared to both TROCH and FUN HJCs (all p<0.0167). The TROCH method was
also more posterior to the FUN HJC (p<0.0167). No differences were found for inter-HJC widths
between methods. Finally, there were differences in leg lengths obtained using motion capture
methods (F=54.7, p<0.001; Table 2), and leg lengths relative to radiographs (F=45.69, p<0.001).
Leg lengths estimated with the BELL method were larger and more accurate with radiographs
than both TROCH and FUN methods (all p<0.0167).
DISCUSSION
There are multiple motion capture HJC prediction methods that exist within the literature.
The three methods compared in this study were chosen due to their widespread usage and ease of
implementation. Encouragingly, each motion capture method was able to accurately approximate
the radiographic MA within an average 2° in a relatively large range of knee alignments (172.0°184.2°). However, each method resulted in large differences relative to radiographs, reaching
5.1°, 5.5°, and 3.8° for the TROCH, BELL, and FUN methods, respectively. Therefore, caution
should be exercised when using these motion capture prediction methods for MA estimations, as
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inconsistent clinical assessments are possible. However, inter-HJC width differences were quite
small (<0.75 cm), providing further justification of these methods in mediolateral HJC
predictions. The motion capture inter-HJC widths underestimated radiographic inter-HJC width
by an average of 0.55 cm or 3.7%. For leg lengths, each method underestimated radiographic leg
lengths. Compared with the other methods, the BELL leg lengths were significantly larger and
more accurate with respect to radiographs. Some offsets are expected due to differences in ankle
joint centers between motion capture (malleoli) and radiographs (talus).
Among HJC locations, the BELL HJC was more superior and anterior than both TROCH
and FUN HJCs. However, HJC locations differed by <2.3 cm in all directions between methods.
Although no previous studies have compared this combination of motion capture prediction
methods, many have compared varying functional and regression methods using imaging
techniques 35,36,64,134. A comparison between multiple regression and functional methods has
shown that the Harrington 62 regression model outperformed two coordinate transformation
technique methods (functional method classification which contains the FUN method used here)
in anteroposterior and vertical locations 35. We did not assess anteroposterior locations
radiographically. However, our vertical location results are in agreement with the previous study,
as the BELL method was more accurate than the FUN method in leg length predictions. Since all
methods were similar mediolaterally and differed <2.3 cm vertically, all methods seem to be
viable options for predicting frontal-plane HJCs.
An important aspect of this study is the validation of the TROCH method in estimating
HJCs in the frontal-plane. The results of this study show that the TROCH method is comparable
to both FUN and BELL methods when comparing against radiographs, especially in mediolateral
HJC predictions. For this study, the average 25% inter-trochanteric width (35.51 cm) was 8.88
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cm. Interestingly, a previous study found the HJC located 9 cm medial to an external marker
placed on the greater trochanter, also using radiographs 134. The lack of differences between
methods in mediolateral HJC positions and inter-HJC widths relative to radiographs (only -0.53
cm) provides further support for this method. Coupled with the previous study’s results 134, this
study shows the TROCH method is likely a good approximation of the mediolateral HJC
location. We found the TROCH leg lengths as 2.16 cm shorter than radiographic leg lengths. Our
results are also similar to the 2.1 cm difference between the HJC and external trochanter marker
measured in the previous study 134. It is recommended that a small lateral correction factor of
3.30% (1.65% for each HJC) TROCH inter-HJC width and a vertical correction factor of +1.2%
of TROCH leg lengths be included, and can be made using the following equations (Figure 6):
Adjusted_HJCx = TROCH HJCx – Xadj

(1)

Adjusted_HJCz = TROCH Leg Length + Zadj

(2)

where TROCH HJCx is the mediolateral TROCH method HJC location, Xadj is 1.65% inter-HJC
width, and Zadj is 1.2% TROCH Leg Length. In addition to the validity shown in this study, the
TROCH method has previously been shown to be reliable 38.
This study is limited in that we only compared HJCs with anteroposterior radiographs.
Future research should aim to validate these methods in the other two planes. Additionally, as
this study only assessed static HJCs, further research is warranted to determine differences in hip
and knee joint kinematics and kinetics using these methods.

63

CHAPTER IV. APPENDIX: TABLES AND FIGURES

64

TABLE 3. ABSOLUTE AND RELATIVE MECHANICAL AXIS ANGLES: mean ± STD.
TROCH

BELL

FUN

Radiographs

Absolute
MA (°)

179.78±1.11#

179.96±1.18#

179.80±1.26#

178.22±1.21

MA Range (°)

186.60-173.62 186.31-173.94

185.18-173.90

184.24-172.00

Relative
1.53±0.94
1.71±1.00
1.54±1.19
MA (°)
Note: Relative MAs are differences between HJC methods and radiographs. #: Significantly
different from radiographs. The significance level was set at p = 0.0083 and p = 0.0167 with
Bonferroni adjustments, for the absolute MA and relative MA, respectively.

TABLE 4. AVERAGE HJC LOCATIONS OF EACH PREDICTION METHOD: mean ± STD.
TROCH
BELL
FUN
Mediolateral (cm)
30.45±2.93
30.27±3.05
30.33±2.98
Anteroposterior (cm)

26.60±0.86#*

28.87±0.95

27.03±0.88#

Vertical (cm)

91.68±0.95#

92.94±0.77

91.30±0.90#

Inter-HJC Width (cm)

17.69±0.73

17.73±0.97

17.59±0.12

Inter-HJC Width Relative
to Radiographs (cm)

-0.53±0.76

-0.50±0.86

-0.63±0.12

Difference Relative to
Inter-HJC Distance (%)

-3.30±6.46

-3.35±8.99

-4.43±9.75

Leg Lengths (cm)

81.31±4.90#

82.56±5.47

80.92±5.21#

Leg Length Relative to
Radiographs (cm)
Difference Relative to Leg
Length (%)

-2.16±1.03#

-0.90±0.89

-2.54±0.98#

-1.21±0.02

-0.50±0.01

-1.42±0.02

Note: Locations referenced to laboratory origin, #: Significantly different from BELL. *:
Significantly different from FUN. The significance level was set at p = 0.0167 with Bonferroni
adjustments.
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Figure 4a.

Figure 4b.

Figure 4c.

Figure 4d.

FIGURE 4. RADIOGRAPHIC PLANE KNEE MECHANICAL AXIS ANGLE. Sub figures: 4a
- hip joint center is the center of a circle fit to the femoral head, 4b - center of tibial spines is the
center of the full width of the tibial spines, 4c - center of talus is center of full talar width, 4d the knee mechanical axis is the medial angle connecting the joint centers.
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FIGURE 5. RADIOGRAPHIC LEG LENGTHS. Radiographic leg lengths were measured from
the center of the talus to the center of a circle fit to the femoral head. For comparisons with
radiographs, motion capture leg lengths were measured from the center of the malleoli to each
method’s predicted HJC.
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FIGURE 6. PROPOSED ADJUSTMENTS TO THE TROCH HJC. The original TROCH HJCs
(hatched circles) are predicted based upon 25% width between right (RGTR) and left (LGTR)
greater trochanters (gray circles). Each TROCH HJC should be adjusted laterally 1.65% (Xadj) of
the inter-HJC width and vertically 1.2% (Zadj) of the TROCH leg length (see Figure 2). The
adjusted right HJC (black circle) more closely resembles the respective radiographic HJC
location.
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CHAPTER V
TOE-IN AND TOE-IN WITH WIDER STEP WIDTHS REDUCE FRONTAL PLANE
KNEE MOMENTS IN MULTIPLE KNEE ALIGNMENT GROUPS
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ABSTRACT
Increased peak internal knee abduction moments (KAMs) exist for individuals with knee
osteoarthritis (KOA) and varus knee alignments, compared to their healthy and neutrally aligned
counterparts. Walking with increased toe-in or wider step width has been individually utilized to
successfully reduce the 1st and 2nd peak KAMs, respectfully, but have not previously been
combined or tested among neutral, valgus, and varus alignment groups. Therefore, the purpose of
this study was to compare toe-in only (TI) and toe-in with wider step width (TIW) gait
modifications in individuals with neutral, valgus, and varus alignments. Thirty-eight participants
with confirmed varus, neutral, or valgus frontal-plane knee alignment through anteroposterior
long standing radiographs, performed level walking in normal, TI, and TIW gaits. A 3 (group) ×
3 (intervention) mixed model repeated measures ANOVA was used to compare alignment
groups and gait interventions (p<0.05). The 1st peak KAM was reduced in both TI and TIW
compared to normal gait. The 2nd peak KAM was increased in TI compared to normal and TIW.
The KAM impulse was also reduced in TI and TIW compared to normal gait. Peak adduction
moments were increased using TI and TIW in valgus and neutral groups, but were not increased
for the varus group. Peak knee extension and internal rotation moments were increased in TI and
TIW compared to normal gait. Although the TIW gait seems to be a viable option to reduce peak
KAMs for varus alignments, sagittal and transverse knee loadings should be monitored when
implementing this gait modification strategy.
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INTRODUCTION
Knee osteoarthritis (KOA) is a degenerative knee joint disease with a lifetime risk over
44%.94 Frontal plane knee varus alignment has been shown to result in increases in the
incidence 20 and progression 15 of KOA. Additionally, varus alignment has been associated with
increases of internal knee abduction moments (KAMs) compared to valgus and neutral
alignments.17,18,107 Abnormal KAMs can disrupt cartilage repair,98 increase bone mineral density
of the tibia that may result in altered cartilage loading,18 and decrease the medial compartment
cartilage thickness of the tibia.99,100 Larger 1st peak KAMs also exist in patients with medial
KOA compared to their healthy counterparts,106,107,115 and in severe compared to moderate KOA
patients.48,108
Both healthy and KOA people with varus alignments have demonstrated increased peak
KAMs,107,109,118 and knee adduction angles 105,107 during level ground walking. Compared to
neutrally aligned participants, healthy and KOA participants with varus alignment have shown
24 to 42% increases in 1st peak KAMs.107,109,118 Likewise, both healthy and KOA varus
alignment groups have shown increases in peak knee adduction angles compared to neutral 105-107
and valgus 107,113 alignment groups during level ground walking.
To reduce frontal plane knee joint loading, several gait modification strategies have been
implemented in both healthy and KOA populations. Increased step width has reduced peak
KAMs in walking 43,123 and stair negotiation.49,50 In a patient with an instrumented knee
replacement, increased step width (width not reported) reduced peak KAMs by 4.7% during
level walking.43 During stair ascent and descent wider step widths (26% leg length) reduced 1st
peak KAMs by 11.1% and 5.2%, and reduced 2nd peak KAMs by 20.0% and 8.3% in both KOA
and healthy participants.49,50
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Increased internal foot rotation (toe-in) can also reduce 1st peak KAMs,45,47,126 in both
healthy and KOA populations during level walking. Toe-in modifications of 6° 45 to 10° 46 and
“maximum comfortable” angles 47,126,127 have reduced 1st peak KAMs by 13% 45,126 to 45% 47.
Interestingly, toe-in has mostly shown little to no effect on 2nd peak KAMs.45-47,126 A novel gait
modification strategy is to couple toe-in with wider step width to reduce both KAM peaks, as
both foot progression angle and step widths are modifiable for most amblers.
Currently, it is unknown if these gait modifications are suitable for each of the three knee
alignment groups. Since varus knee alignments are more related to medial KOA, it would be
advantageous to discern whether gait modifications are successful in reducing peak KAMs for
varus groups. Additionally, medial KOA is not exclusive to varus alignment, as neutral and
valgus alignment individuals can also develop medial KOA.13 However, valgus alignments are
more associated with an increased risk of lateral KOA.141
Therefore, the purpose of this study was to examine effects of combining two gait
modification strategies, toe-in and wider step width, on frontal-plane knee loading during level
walking in varus, neutral, and valgus knee alignment groups. We hypothesized that 1) toe-in with
wider step width would reduce both 1st and 2nd peak KAMs for all alignment groups and 2) the
varus alignment group would have increased peak KAMs compared to both neutral and valgus
alignment groups, regardless of gait modifications.
METHODS
PARTICIPANTS
Thirty-eight healthy individuals with varus, neural and valgus knee alignment (Table 5)
were recruited from the university campus. The exclusion criteria included major lower
extremity musculoskeletal injuries in the past 3 months, knee pain in the past 6 months during
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activities of daily living, lower extremity joint surgery or injection in the past 3 months,
diagnosed lower extremity joint arthritis, or body mass index greater than 35 kgm-2. Power
analyses were computed based on knee abduction moment differences between normal and toein gaits 45,47 and between healthy neutral and varus alignment groups during normal gait.118 The
results showed at least 12 participants were needed per gait condition and at least 7 participants
per alignment group to obtain main effects with β=0.80 and α=0.05. The university institution
review board approved the experimental protocol and all participants signed an informed consent
form.
RADIOGRAPHIC KNEE ALIGNMENT
All participants obtained an anteroposterior full-limb standing radiograph at a local
orthopaedics clinic. The radiographic knee mechanical axis angle was used to determine
radiographic knee alignment using InteleViewer Software (Intelerad, Montreal, Quebec,
Canada). The knee mechanical axis angle was measured as the medial angle between two lines
connecting the center of the femoral head, center of tibial spines, and center of the talus.15,21,23
Knee mechanical axis angles of 180±2° were determined as neutral, <178° were determined as
varus, and >182° were determined as valgus alignments (Table 5). The knee with the largest
respective varus, valgus, or neutral mechanical axis angle for each participant was used in
biomechanical testing of level walking.
INSTRUMENTATION
A nine-camera motion capture system (240Hz, Vicon Motion Analysis Inc., Oxford, UK)
was used to collect three-dimensional kinematics, and one force platform (BP600600, Advanced
Mechanical Technology, Inc., Watertown, MA, USA) was used to obtain ground reaction forces
(GRFs) and GRF moments during level walking trials. All participants wore standardized
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laboratory shoes (Noveto, Adidas). Reflective anatomical markers were placed bilaterally on the
acromion processes, iliac crests, anterior superior iliac spines (ASIS), posterior superior iliac
spines, greater trochanters, femoral epicondyles, malleoli, 1st and 5th metatarsal heads, and 2nd
toes. Clusters of four tracking markers were attached to the posterior trunk, pelvis, thighs, and
shanks. Three discrete tracking markers were secured to the posterior and lateral heel of the lab
shoes. Participant’s walking speeds were determined and monitored by a set of two photocells
(63501 IR, Lafayette Instrument Inc., IN, USA) and electronic timers (54035A, Lafayette
Instrument Inc., IN, USA).
EXPERIMENTAL PROCEDURES
After a warm-up on a stationary bicycle, participants performed level walking tasks.
Participants were given ample practice normal walking trials, during which their average selfselected speeds were recorded. The participants performed five level walking trials in each of
three gait conditions: self-selected normal, increased toe-in (TI) targeted at 10° with self-selected
step width, and increased toe-in targeted at 10° with a step width of 26% leg length (TIW) gaits,
at ±5% of their average speeds. Three sets of adhesive tape strips were placed at 10° angles to an
imaginary forward progression line of the lab walkway and at a width of 26% of the participant’s
leg length (Figure 7), measured as the distance from the ASIS to the medial malleolus.49,50 Two
steps before the force platform were left unmarked so that the participants performing the
modified walking gait patterns with less imposed guidance. Visual feedback was provided via a
mirror at the end of the walkway, so that participants could monitor their foot angles and step
widths without turning their head downwards. Participants were allowed to internally rotate to
their self-selected comfortable angle in TI and TIW, with a goal of matching the 10° toe-in
angle.46,47 For the TIW condition, participants were instructed to place their foot outside the tapes
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during walking, and as close to the 10° angle as possible. To monitor toe-in angles during the
data collection, participant’s stance phase foot segment kinematic data were analyzed using
Visual 3D biomechanical analysis suite (5.0, C-Motion, Inc., Germantown, MD, USA).
Participants were allowed sufficient practice trials in TI and TIW interventions, until they
could successfully completed the gait modifications. A trial was deemed unsuccessful if it was
performed outside ±5% average self-selected speed, any TI or TIW trial contained less than ≤5°
toe-in angle, and/or any TIW trial contained stepping inside of the tapes, which indicated less
than the instructed step width. The 5° cutoff was set so that the toe-in angles did not fall below
effective magnitudes found in the literature.45-47,126,127 Participants were asked to repeat
unsuccessful trials.
DATA ANALYSES
All kinematic and GRF data were imported into and processed in Visual3D, and filtered
at a cutoff frequency of 6 Hz for joint kinetic calculations, and GRF data were filtered separately
at a cutoff frequency of 50 Hz, using a zero-lag fourth-order Butterworth low-pass filter. The
Bell 27 method was utilized to compute hip joint centers, and the center of the epicondyles and
malleoli for knee and ankle joint centers, respectively. Step width was calculated as the
mediolateral distance between the foot centers of mass during midstance. An X-Y-Z (extensionadduction-rotation) Cardan rotational sequence was used for three-dimensional angular
computations, and 3D kinematic and kinetic variables were determined with the right hand rule.
The GRFs were normalized to body weight (BW). Joint moments were calculated as internal
moments and normalized to body mass (Nm/kg), and were reported in the proximal segment.
Variables of interest included 1st and 2nd peak vertical GRFs, peak knee adduction, abduction,
and internal rotation angles, flexion and abduction ROMs (max-min), peak knee abduction,
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adduction, extension, and internal rotation moments, and knee abduction impulses. Knee
abduction impulses were calculated as the area under the normalized internal knee abduction
moment curves. Two customized programs (VB_V3D and VB_Table, MS VisualBasic) were
used to determine discrete values of interest and variable organization.
STATISTICAL ANALYSES
A one-way ANOVA was used to compare demographic and knee alignment differences
between groups. A 3 x 3 (Group x Intervention) mixed model repeated measures ANOVA was
used to determine differences between varus, neutral, and valgus alignment groups under normal,
TI, and TIW gait patterns (JMP®, Version 11. SAS Institute Inc., Cary, NC, 1989-2015). The
significance level was set at p<0.05 a priori. Post hoc paired-sample t-tests with Bonferroni
corrections were used to determine mean separations (adjusted p<0.0167 for main effects,
p<0.005 for interactions).
RESULTS
Age, height, mass and BMI were not different between the groups (Table 5). Foot
internal rotation angles in the valgus group were greater compared to the varus group (p=0.01,
Table 8). Both TI and TIW increased foot internal rotation compared to normal gait (both
p<0.0001). The varus group had greater step widths compared to the valgus group (p=0.006,
Table 8). Both TI and TIW increased step width compared to normal (both p<0.0001), and TIW
increased step width compared to TI (p=0.001).
The TIW increased knee flexion range of motion compared to normal (p=0.007; Table 6).
The varus group had greater peak knee adduction angles than both valgus and neutral groups
(both p<0.0001), and the neutral group had greater peak adduction angles than the valgus group
(p=0.0009, Table 7). Both TI and TIW reduced peak knee adduction angles compared to normal
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(both p<0.0001). The varus group had smaller peak knee abduction angles compared to both
valgus (p<0.0001) and neutral groups (p=0.0007), and the neutral group had smaller peak
abduction angles compared to the valgus group (p=0.0051, Table 7). Both TI and TIW increased
peak knee abduction angles compared to normal gait (both p<0.0001), and TIW increased peak
abduction angles compared to TI (p=0.007). Both TI and TIW increased peak knee internal
rotation compared to normal gait (both p<0.0001, Table 8).
Both TI and TIW increased 1st peak vertical GRFs and decreased 2nd peak vertical GRFs
compared to normal gait (p=0.0003 & p<0.0001 and p<0.0001 & p<0.0001, respectively; Table
6). The varus group had greater 1st peak KAMs compared to valgus and neutral groups
(p<0.0001 and p=0.0006; Figure 8a, Table 7). Both TI and TIW reduced 1st peak KAMs
compared to normal gait (both p<0.0001). The varus group had greater 2nd peak KAMs
compared to valgus and neutral groups (p<0.0001 & p=0.001; Figure 8b, Table 7). The 2nd peak
KAMs were increased in TI compared to normal (p=0.0011) and TIW (p=0.0160). Both TI
(p=0.0001) and TIW (p<0.0001) reduced KAM impulses compared to normal. A group by
intervention interaction was found for peak internal knee adduction moments (Table 7). Both
neutral and valgus groups had increased peak knee adduction moments in TI and TIW compared
to normal (all p<0.001, Table 7); however, the varus group did not exhibit peak knee adduction
differences between normal and TI or TIW (all p>0.05), differing from neutral and valgus groups
(all p<0.006). Peak knee extension moments were increased in TI (p=0.006) and TIW compared
to normal (p=0.0002; Table 6). Both TI (p=0.0117) and TIW (p=0.0142) also increased peak
internal rotation moments compared to normal (Table 8). Ensemble knee extension (Figure 9),
abduction (Figure 10), and rotation (Figure 11) moment curves for each group and gait
intervention can be found in the Appendix.
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DISCUSSION
The results of this study partially support our hypotheses. For our first hypothesis, the
TIW gait modification was successful in reducing 1st peak KAMs in each alignment group, but
unsuccessful in reducing 2nd peak KAMs below normal gait. Our second hypothesis was
confirmed, as the varus group exhibited increased peak KAMs compared to both neutral and
valgus groups, regardless of gait intervention.
Reduction of 1st KAMs by both TI and TIW was expected as multiple studies have found
significant reductions in 1st peak KAMs by implementing a toe-in only gait modification
strategy.45-47 The TI and TIW had 32% and 38% overall reductions in 1st peak KAMs compared
to normal gait, respectively, falling within the reduction ranges found in the current literature.
Since both TI and TIW also increased 1st peak vertical GRFs, it is possible the frontal plane GRF
moment arm was reduced using the TI and TIW, resulting in decreased 1st peak KAMs. Both TI
and TIW gaits also reduced KAM impulses by 11% and 16%, respectively. The KAM impulse is
an important factor for overall medial knee joint loading during stance, and is discriminative
between KOA grades.142,143 Therefore, the reduced 1st peak KAMs and KAM impulses by both
TIW and TI provide evidence for the effectiveness of these gait modifications.
Although TIW was successful in reducing 1st peak KAMs, increasing step width to
26.6% leg length did not reduce 2nd peak KAMs from normal gait. This is likely because of the
increased 2nd peak KAMs during TI only gait compared to normal. Since increased step width
alone has been successful in reducing 2nd peak KAMs in level walking 43 and stair negotiation
tasks,49,50 TIW should have also decreased 2nd peak KAMs. While several previous studies found
non-significant changes in 2nd peak KAMs by implementing TI gait,45,47,126 one study found a
significant 64% increase in 2nd peak KAMs by TI gait.127 Likewise, in this study the TI resulted
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in an overall significant 11% increase in 2nd peak KAMs compared to normal gait. Although TI
had a significant increase in step width compared to normal, this increase was likely not large
enough to elicit a reduction of 2nd peak KAMs. Therefore, the TIW is the superior gait
modification to reduce 1st peak KAMs without causing an increase of 2nd peak KAMs.
In addition to the examination of the TIW gait modification, a unique part of this study is
the inclusion of all three frontal-plane knee alignment groups. Neutral, varus, and valgus groups
responded similarly to both TI and TIW modifications, exhibiting reductions of 1st peak KAMs.
Alignment group differences mainly existed in the frontal plane. The varus group exhibited an
increased KAM and more adducted knee, while the valgus group exhibited a reduced KAM and
more abducted knee. Alignment-specific frontal plane gait patterns have also been found in KOA
patients.107,109 In this study, we also found a group by intervention interaction for peak internal
knee adduction moments. Although our statistical power was slightly low (β=0.72), this
interaction would increase strength with a larger valgus group sample size. Post hoc comparisons
showed a significant increase in neutral and valgus groups when using the TI and TIW, but not in
the varus group.
Due to a possible shift to a more lateral distribution of the knee load during weight
acceptance, TI and TIW may not be suitable for people with valgus alignments as it may increase
their risk of lateral compartment knee OA.141 The valgus group also exhibited a more neutral foot
rotation in their normal gait compared to the varus group, which likely allowed for increased
comfort with more internal rotation in the TI and TIW interventions. In combination with our
gait intervention results, the frontal plane differences between alignment groups suggest the TI
and TIW gait modifications are most effective in reducing frontal plane knee loads in people
with a varus knee alignment. Although the participants in this study are healthy, these results

79

may have implications in people with medial KOA, especially KOA patients with varus
alignment. As little research exists on knee compartmental loading using gait modifications,
future research involving musculoskeletal modeling is warranted to determine if TI and TIW gait
modification strategies reduce medial compartment forces in healthy and KOA varus alignment
populations.
It is also important to examine changes in the sagittal and transverse planes for the knee
in investigations of gait modifications targeting KAMs. Investigations of a medial thrust gait
used in a patient with an instrumented knee implant found that the reduction in 1st peak KAMs
was accompanied with an increase in the peak knee extension moment.42,144 It was postulated
that although the KAMs were reduced, a subsequent reduction in the medial knee compartment
force was not found due to an increase in knee extension moments.42 In this study, we also found
significant increases of 15% and 22% in the peak knee extension moment using TI and TIW,
respectively. The increases in knee extension moments in this study may be related to the slight
but significant increases in knee flexion range of motion. However, this increased flexion range
of motion was only observed in TIW compared to normal gait. In addition to increases in the
knee extension moment, we found significant increases in peak internal rotation moments using
both TI and TIW. Increases in internal rotation moments are somewhat expected, since the
participants performed an internal rotation gait strategy and had significant increases in knee
internal rotation angles. Therefore, it is important to consider the effects on sagittal and
transverse plane knee loads when implementing the TIW gait modification. Future research
using musculoskeletal modeling is warranted to determine how these two gait modification
strategies affect overall, medial, and lateral compartment knee joint loading.
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Our study is limited in that we did not perform long-term training of the TI and TIW
gaits. It is possible further changes could occur when these gait modifications are implemented
over a longer span. Additionally, it is unclear if people with KOA would respond to these gait
modifications in a similar fashion to the healthy participants used in this study. Further research
is warranted to determine long-term effects of implementing TI and TIW gait modifications in
healthy and KOA populations. In our implementation, we allowed participants to choose their
own step widths for the TI gait strategy. Although TI had wider step widths than normal, it did
not result in further 1st peak KAM reductions or decreased 2nd peak KAMs. Therefore, we
believe that the increase in step width in TI was not a confounding factor. Lastly, the sample size
of the neutral, valgus, and varus groups differed. However, post hoc power analyses of the 1st
and 2nd peak KAMs showed observed power greater than 0.99 for group and intervention
comparisons, despite not obtaining the same amount of participants per group.
CONCLUSION
The TIW gait modification was successful in reducing 1st peak KAMs and KAM impulse,
and reducing increases in 2nd peak KAMs found using a toe-in alone gait strategy, in neutral,
varus, and valgus knee alignment groups. While the TIW gait is recommended to reduce peak
KAMs and KAM impulses in people with varus alignment, a subsequent increase in peak knee
adduction moments is possible in neutral and valgus alignments. Therefore, caution should be
used when implanting TIW gait strategies in valgus alignment groups. Additionally, increases in
sagittal and transverse plane knee loads are a concern with TIW gait.
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TABLE 5. AGE (YRS.), HEIGHT (M), MASS (KG), BMI, AND KNEE MECHANICAL AXIS ANGLE (DEG.) COMPARISONS
BETWEEN GROUPS: Mean ± STD.
Neutral

Valgus

Varus

P-Value

Number

15

13

10

-

Age

23.7±0.8

22.3±1.0

24.7±0.9

0.208

Height

1.75±0.1

1.74±0.1

1.77±0.1

0.620

Mass

72.8±14.7

72.2±12.6

73.4±14.8

0.980

BMI

23.6±3.1

23.7±2.5

23.3±4.1

0.940

Knee Mechanical
Axis Angle

179.4±0.7

183.6±1.0

174.0±1.4

<0.001

TABLE 6. PEAK VERTICAL GRFS (BW), KNEE FLEXION ROM (DEG.), AND KNEE EXTENSOR MOMENTS (NM/KG),
AND FOR SUBJECT GROUPS AND CONDITIONS: Mean ± STD.
Neutral

Valgus

Varus

F-Statistic, P-Value
Interact.
Grp
Interv.

Normal

TI

TIW

Normal

TI

TIW

Normal

TI

TIW

1st Peak
VGRF #*

1.18±0.1

1.25±0.1

1.24±0.1

1.20±0.1

1.23±0.1

1.23±0.1

1.18±0.1

1.24±0.1

1.27±0.1

0.01,
0.990

11.44,
<0.001

0.81,
0.520

2nd Peak
VGRF #*

1.13±0.1

1.09±0.1

1.09±0.1

1.16±0.1

1.12±0.1

1.13±0.1

1.13±0.0

1.09±0.1

1.09±0.1

0.80,
0.460

14.60,
<0.001

0.22,
0.920

Flex ROM *

19.8±4.4

19.9±6.0

20.4±6.2

19.9±7.2

20.7±4.6

22.1±4.2

19.9±4.7

21.7±6.5

23.1±6.6

0.30,
0.740

4.92,
0.010

0.86,
0.490

Peak Ext
Moment #*

0.80±0.3

0.91±0.3

0.88±0.3

0.89±0.4

0.98±0.3

1.04±0.34

0.68±0.2

0.86±0.3

0.97±0.4

0.67,
0.520

8.15,
0.007

1.20,
0.320

Note: Grp: Group, Interv: Intervention, Interact: Interaction, % different between neutral & varus, ^ different between neutral & valgus,
and $ different between valgus and varus; # different between normal & TI, * different between normal & TIW, and + different between
TI & TIW. VGRF: vertical ground reaction force, ROM: range of motion, and Ext: extension.
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TABLE 7. PEAK FRONTAL PLANE KNEE ANGLE (DEG.) AND MOMENTS (NM/KG), AND KAM IMPULSE (NMS/KG) FOR
SUBJECT GROUPS AND CONDITIONS: Mean ± STD.
Neutral
Normal

Valgus

TI

TIW

Normal

TI

Varus
TIW

Normal

F-Statistic, P-Value
TI

TIW

Grp

Interv.

Interact.

Peak Abd Angle %^$#*+

-2.1±2.5

-5.4±3.3

-6.3±3.8

-6.6±2.9

-9.1±2.5

-9.7±3.3

1.7±3.6

-1.0±2.7

-2.0±1.7

19.48,
<0.001

61.13,
<0.001

1.38,
0.250

Peak Add Angle %^$#*

2.4±2.7

-0.6±2.2

-1.4±2.5

-1.1±2.9

-3.8±3.0

-4.8±2.8

6.7±2.9

4.0±2.1

3.6±2.3

36.24,
<0.001

56.21,
<0.001

0.32,
0.860

Abd ROM

-4.5±1.8

-4.9±2.5

-4.9±2.8

-5.5±1.2

-5.2±2.3

-4.6±1.6

-5.0±2.6

-5.3±3.5

-3.9±2.5

0.06,
0.950

0.39,
0.680

0.60,
0.670

Peak Add Moment ‡

0.06±0.0%#*

0.16±0.1

0.18±0.1

0.07±0.0$#*

0.19±0.1

0.2±0.1

0.10±0.0

0.10±0.1

0.10±0.1

2.84,
0.070

31.86,
<0.001

4.2,
0.004

1st Peak KAMs %$#*

0.48±0.1

-0.32±0.1

-0.28±0.1

-0.35±0.1

-0.22±0.1

-0.20±0.1

-0.64±0.2

-0.46±0.1

-0.43±0.1

16.98,
<0.001

851.84,
<0.001

0.41,
0.800

2nd Peak KAMs %$#+

-0.37±0.1

-0.40±0.1

-0.36±0.1

-0.26±0.1

-0.30±0.1

-0.28±0.1

-0.50±0.1

-0.57±0.2

-0.53±0.2

15.09,
<0.001

4.71,
0.010

0.22,
0.930

KAM Impulse #*

-0.16±0.0

-0.15±0.1

-0.14±0.1

-0.16±0.1

-0.14±0.1

-0.14±0.1

-0.20±0.1

-0.18±0.1

-0.16±0.1

1.73,
0.190

19.50,
<0.001

1.14,
0.350

Note: Grp: Group, Interv: Intervention, Interact: Interaction‡
by Group Interaction; % different between neutral & varus, ^
$
different between neutral & valgus, and different between valgus and varus; # different between normal & TI, * different between
normal & TIW, and + different between TI & TIW. Abd: abduction, Add: adduction, ROM: range of motion, and KAMs: knee
abduction moment.
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TABLE 8. FOOT ROTATION ANGLES (DEG.), STEP WIDTHS (CM), AND PEAK KNEE INTERNAL ROTATION ANGLES
(DEG) AND MOMENTS (NM/KG) FOR SUBJECT GROUPS AND CONDITIONS: Mean ± STD.
Neutral

Valgus

Varus

F-Statistic, P-Value

Normal

TI

TIW

Normal

TI

TIW

Normal

TI

TIW

Grp

Interv.

Interact.

Foot Rotation
Angle$#*

-2.8±5.6

15.7±4.8

15.4±5.2

0.83±5.9

17.4±4.6

17.1±5.0

-5.8±7.0

13.7±3.8

13.6±4.3

3.70,
0.040

257.61,
<0.001

0.56,
0.690

Step
Width$#*+

14.0±2.9

16.9±5.7

2.4±6.0

13.5±2.3

14.0±5.1

20.3±4.2

13.1±4.1

20.5±6.6

27.5±3.7

4.36,
0.020

66.17,
<0.001

3.51
0.070

Peak Int Rot
Angle #*

-4.8±5.8

4.3±4.9

5.1±5.2

-1.8±3.7

6.5±3.1

7.6±3.2

-6.4±6.0

1.8±6.3

3.5±6.1

2.36,
0.110

218.15,
<0.001

0.26,
0.900

Peak Int Rot
Moment #*

0.15±0.1

0.17±0.1

0.15±0.1

0.15±0.1

0.17±0.1

0.17±0.1

0.14±0.1

0.17±0.1

0.19±0.1

0.13,
0.880

4.35,
0.020

0.93,
0.450

Note: Grp: Group, Interv: Intervention, Interact: Interaction, % different between neutral & varus, ^ different between neutral & valgus,
and $ different between valgus and varus; # different between normal & TI, * different between normal & TIW, and + different between
TI & TIW. Internal foot rotation is positive and external foot rotation is negative. Int: internal and rot: rotation.
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FIGURE 7. EXPERIMENTAL SET-UP OF LEVEL GROUND WALKWAY. Guiding tapes
were placed at 10° angles to an imaginary line in the lab walkway and at 26% leg length
(distance from ASIS to medial malleolus). Tapes were placed up to two steps before the
forceplatform for guidance in TI and TIW gaits. Two steps before the forceplatform were left
unmarked so that participants could produce the TI and TIW gaits with less guidance.
Participants were also provided visual feedback via a mirror.
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Neutral

Valgus

Varus

0.00
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-0.10
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-0.10

a)

Neutral
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-0.40
-0.50

-0.20
-0.30
-0.40
-0.50

-0.60

-0.60

-0.70

-0.70

b)

FIGURE 8. GROUP DIFFERENCES IN 1ST AND 2ND PEAK KNEE ABDUCTION MOMENTS (KAMS) IN NORMAL, TI, AND
TIW GAITS: a) 1st peak KAMs were increased in the varus compared to valgus and neutral groups. Both TI and TIW significantly
reduced 1st peak KAMs compared to normal; b) The 2nd peak KAMs were increased in the varus compared to valgus and neutral
groups. The 2nd peak KAMs were increased in TI compared to both normal and TIW.
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Appendix – Knee Moment Curves for Each Group Across Each Intervention
FIGURE 9. ENSEMBLE KNEE EXTENSION MOMENT CURVES FOR EACH GROUP ACROSS EACH INTERVENTION: a)
Neutral alignment group knee extension moments across interventions, b) Varus alignment group knee extension moments across
interventions, and c) Valgus alignment group knee extension moments across interventions. Peak knee extension moments were
increased using both TI and TIW compared to normal gait.
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Figure 9b. Continued
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Figure 9c. Continued
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FIGURE 10. ENSEMBLE KNEE ABDUCTION MOMENT CURVES FOR EACH GROUP ACROSS EACH INTERVENTION: a)
Neutral alignment group KAMs across interventions, b) Varus alignment group KAMs across interventions, and c) Valgus alignment
group KAMs across interventions. The 1st and 2nd peak KAMs were larger for the varus compared to neutral and valgus groups. The
1st peak KAMs were reduced using both TI and TIW gaits. The 2nd peak KAMs were increased using TI compared to both normal and
TIW gaits. Peak knee adduction moments were increased using TI and TIW in valgus and neutral groups, but were not different for
the varus group.
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FIGURE 11. ENSEMBLE KNEE ROTATION MOMENT CURVES FOR EACH GROUP ACROSS EACH INTERVENTION. a)
Neutral alignment group knee rotation moments across interventions, b) Varus alignment group knee rotation moments across
interventions, and c) Valgus alignment group knee rotation moments across interventions. Peak internal rotation moments were
increased using TI and TIW compared to normal gait.

96

TI

TIW

Moment (Nm/kg)

Normal

Time (% Stance)
Figure 11a. Continued

97

TI

TIW

Moment (Nm/kg)

Normal

Time (% Stance)
Figure 11b. Continued

98

TI

TIW

Moment (Nm/kg)

Normal

Time (% Stance)
Figure 11c. Continued

99

CHAPTER VI
Two Gait Modifications and Stair Ascent Knee Biomechanics in People with Different
Knee Alignments
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ABSTRACT
Purpose: Toe-in and wider step width gait modifications have been successful in reducing peak
knee abduction moments (KAMs) during level walking and stair ascent tasks, respectively, for
healthy and knee osteoarthritis populations. However, these modifications have not previously
been combined to reduce both 1st and 2nd peak KAMs during stair ascent, or tested among the
different knee alignment groups. Therefore, the purpose of this study was to examine effects of
toe-in only (TI) and toe-in with wider step width (TIW) gait modifications on knee biomechanics
during stair ascent in individuals with varus, neutral, and valgus knee alignments.
Methods: Thirty-eight healthy individuals with varus, neutral, and valgus knee alignments
confirmed using radiographs, performed stair ascent in normal, TI, and TIW gait conditions. A 3
(group) × 3 (condition) mixed model repeated measures ANOVA was used to compare
alignment groups across the stair ascent gait conditions (p<0.05).
Results: The TI and TIW reduced 1st peak KAMs and KAM impulses compared to normal stair
ascent. The TIW also reduced 2nd peak KAMs compared to normal gait, and reduced KAM
impulses compared to TI. The varus group had increased 1st peak KAMs compared to neutral and
valgus groups. The TI and TIW also reduced peak knee extensor moments compared to normal
gait. The TIW also reduced peak internal rotation moments compared to normal gait.
Conclusion: The TIW gait modification seems to be advantageous option for reducing knee joint
loading in all three planes during stair ascent, regardless of knee alignment. The success of TIW
in varus knee alignments may have important implications for people with knee osteoarthritis, or
those susceptible to knee osteoarthritis.
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INTRODUCTION
Stair negotiation is a normal and somewhat unavoidable activity of daily living for most
adults. Stair negotiation is more physically demanding on the lower extremity joints 145 and
requires twice the metabolic cost compared to level ground walking.146 Patients with knee
osteoarthritis (KOA) find stair ambulation particularly difficult.74 Stair ambulation is a common
measure among knee evaluation tools, e.g. Western Ontario and McMaster Universities Arthritis
Index 147 and Knee Society Clinical Rating System.148 Therefore, it is important to ascertain
whether possible interventions exist to combat the increased lower extremity demands for KOA
populations and individuals with knee varus alignment who are at risk for KOA.
The increased difficulty of stair negotiation for KOA patients is possibly due to increases
in internal knee abduction moments (KAMs) found in stair negotiation compared to level
walking.125,145 Stair ascent has been reported to result in 13.2% 125 and 27.9% 145 increases in 1st
peak KAMs, and 24.3% increases in 2nd peak KAMs compared to level walking.125 Stair ascent
also involves increased peak knee adduction angles at the time of peak KAMs.149 In regards to
the sagittal plane, stair ascent reportedly has two to three times greater peak knee extension
moments compared to level walking.150,151 These increases in knee extension moments may also
lead to a higher mechanical demand for the knee joint during stair ascent compared to walking.
Increased or abnormal KAMs are important variables for KOA patients, as 1st peak
KAMs are related to the incidence 20 and severity 15 of KOA in level walking. Increases in
KAMs may result in increased loads to the medial compartment of the knee joint. In effort to
reduce the KAMs and medial compartment knee loads, modifications to foot progression angles
(increased toe-out) and step widths have been performed in healthy and KOA populations during
stair ascent and descent tasks.49,50,125 Increasing foot progression, the foot angle in relation to

102

forward progression of the body, from self-selected to an additional 15° toe-out has shown
significant reductions in 2nd peak KAMs during stair ascent compared to normal ascent gait.125
However, increased toe-out also resulted in significant increases in 1st peak KAMs compared to
normal ascent.125 Increasing step widths from self-selected to 26% (wide) and 39% (wider) leg
lengths (measured from anterior superior iliac spines to medial malleoli) have been successful in
reducing both 1st and 2nd peak KAMs in stair ascent 49 and stair descent tasks.50 Although only
performed in level walking tasks, toe-in gait (in contrast to toe-out gait) has resulted in
significant decreases in 1st peak KAMs.45-47 Toe-in angles ranging from self-selected
maximum 47,126 to 10° 46 have been successful in reducing 1st peak KAMs. However, the effect of
toe-in gait on 2nd peak KAMs remains uncertain. While several studies have reported no change
in 2nd peak KAMs,45,47,126 others have reported increases in 2nd peak KAMs using toe-in gait.46,127
Therefore, it might be advantageous to combine a toe-in gait strategy with an increase in step
width to reduce both 1st and 2nd peak KAMs during stair ascent. However, toe-in gait alone has
not been tested in stair negotiation tasks, nor has it been previously combined with increased step
width to reduce both 1st and 2nd peak KAMs in stair ascent.
Patients with KOA are not alone in exhibiting increased peak KAMs during gait tasks.
Healthy and KOA individuals with frontal plane varus knee malalignment have increased KAMs
compared to their neutral and valgus knee alignment counterparts during level
walking 41,106,107,109. Up to 42% increases in 1st peak KAMs have been reported in healthy and
KOA individuals with varus compared to neutral and valgus alignments 54,106,107,109. In regards to
stair negotiation, no experimental evidence is available about the effects of frontal plane knee
malalignment on stair ascent knee biomechanics.
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Therefore, the purpose of this study was to determine the effects of toe-in only (TI) and
toe-in with increased step width (TIW) gait modification strategies on knee biomechanics in
healthy individuals with neutral, varus, and valgus frontal plane knee alignments. We
hypothesized that 1) the TI strategy would reduce 1st peak KAMs in stair ascent, 2) the TIW
strategy would reduce both 1st and 2nd peak KAMs in stair ascent, and 3) the varus alignment
group would exhibit increased KAMs compared to the neutral and valgus groups during stair
ascent similar to level walking.
METHODS
PARTICIPANTS
Thirty-eight healthy individuals (Table 9) were recruited from the university campus.
Participant inclusion criteria included no major lower extremity musculoskeletal injuries in the
past 3 months, knee pain in the past 6 months during activities of daily living, lower extremity
joint surgery or injection in the past 3 months, diagnosed lower extremity joint arthritis, or body
mass index greater than 35 kgm-2. All participants signed an informed consent form, which was
approved by the university institution review board.
RADIOGRAPHIC KNEE ALIGNMENT
Radiographic knee alignment was determined from anteroposterior full-limb standing
radiographs of each participant, obtained at a local orthopaedics clinic. Frontal plane knee
alignment was measured as the knee mechanical axis angle on each radiograph using
InteleViewer Software (Intelerad, Montreal, Quebec, Canada). The knee mechanical axis angle
was measured using standard procedures,15,21,23,24 and was the medial angle between two lines
connecting the center of the femoral head, center of tibial spines, and center of the talus. Knee
mechanical axis angles of 180±2° were determined as neutral, <178° were determined as varus,
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and >182° were determined as valgus alignments. One knee of each participant with the largest
neutral, varus, or valgus knee mechanical axis angle was used in biomechanical testing of stair
ascent (Table 9).
INSTRUMENTATION
A nine-camera motion capture system (240Hz, Vicon Motion Analysis Inc., Oxford, UK)
was used to collect three-dimensional (3D) kinematics. All participants wore reflective
anatomical markers placed bilaterally on the acromion processes, iliac crests, anterior superior
iliac spines (ASIS), posterior superior iliac spines (PSIS), greater trochanters, femoral
epicondyles, malleoli, 1st and 5th metatarsal heads, and 2nd toes. Clusters of four tracking markers
were attached to the posterior trunk, pelvis, thighs, and shanks. Three discrete tracking markers
were secured to the posterior and lateral heel of standard lab shoes. All participants wore a pair
of standardized laboratory shoes (Noveto, Adidas). An instrumented 3-step staircase (FP-stairs,
Advanced Technology Inc., MA, USA) was attached to two force platforms (BP600600 and OR6-7, Advanced Mechanical Technology, Inc., MA, USA), and used to collect ground reaction
forces (GRFs) during stair ascent. Participant’s stair ascent speeds were determined and
monitored by a set of two photocells (63501 IR, Lafayette Instrument Inc., IN, USA) and
electronic timers (54035A, Lafayette Instrument Inc., IN, USA).
EXPERIMENTAL PROCEDURES
After collecting a static trial, all anatomical markers were removed. Participants then
performed a warm-up on a stationary cycle, followed by the stair ascent task. Participants
performed several practice stair ascent trials, during which their average self-selected speeds
were recorded. Participants performed five successful stair ascent trials under each of three gait
conditions: self-selected normal, increased toe-in (TI) to a target of 10° with their own self-
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selected step width, and increased toe-in to a target of 10° with a step width set at 26% leg length
(TIW) measured from the ASIS to the medial malleoli, each performed at ±5% of their average
self-selected speeds. Adhesive tape strips were placed at 10° angles to the forward progression of
the steps, and at the measured 26% leg length (Figure 12). For the TI and TIW gaits, participants
were instructed to attain the 10° toe-in angle, but were allowed to internally rotate to a
comfortable angle.46,47 Participants were also instructed to place their foot outside of the tapes
(step width) and as close to the 10° angle as possible for the TIW gait. Participant’s foot angles
were calculated as the angle between the heel to 2nd toe and forward progression of the stairs.
Stance phase toe-in angles were monitored during the data collection using Visual 3D
biomechanical analysis suite (5.0, C-Motion, Inc., Germantown, MD, USA).
Participants were allowed sufficient practice trials for the TI and TIW conditions to
successfully perform the gait patterns. A successful trial was denoted as a trial with its ascent
speed within the 5% range of the mean self-selected speed, TI or TIW trials performed with
greater than 5° toe-in angle, and/or TIW trials performed with the participant stepping outside of
the tapes on the stairs, indicating stepping at the instructed step width. A minimum of 5° was set
so that the toe-in angles matched minimum magnitudes found in the literature.45-47,126,127
DATA ANALYSES
All kinematic and GRF data were imported into and processed in Visual3D. 3D marker
trajectories and GRFs were filtered at a cutoff frequency of 8 Hz for joint kinetic calculations,
and GRF data were filtered separately at 50 Hz, using a zero-lag fourth-order Butterworth lowpass filter. To predict hip joint centers, the ASIS and PSIS markers were used for the Bell 27
method. Knee and ankle joint centers were defined as the midpoint of the epicondyles and
malleoli, respectively. For all conditions, step width was determined as the mediolateral distance
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between the foot centers of masses during mid stance of the 2nd and 3rd steps. An X-Y-Z
(extension-adduction-rotation) Cardan rotational sequence was used for 3D angular kinematics
computations. The conventions of 3D kinematic and kinetic variables were determined with the
right hand rule. The GRFs were normalized to body weight (BW), joint moments were
normalized to body mass (Nm/kg) and calculated as internal moments in the proximal segment,
and knee abduction impulses were calculated as the area under the normalized knee abduction
moment curves. Variables of interest included 1st and 2nd peak GRFs, peak knee extension,
abduction, and external rotation angles, flexion and abduction ROMs (max-min), peak knee
abduction, extension, and internal rotation moments, and knee abduction impulses. Two
customized programs (VB_V3D and VB_Table, MS VisualBasic, Redmond, WA, USA) were
used to determine discrete variable values of interest and variable organization.
STATISTICAL ANALYSES
A one-way analysis of variance (ANOVA) was used to determine demographic, knee
mechanical axis angle, and ascent speed differences between groups. A 3 x 3 (Group x
Condition) mixed model repeated measures ANOVA was used to determine differences between
varus, neutral, and valgus alignment groups under normal, TI, and TIW gait patterns during stair
ascent (JMP®, Version 11. SAS Institute Inc., Cary, NC, USA). In the presence of a significant
interaction or main effects, post hoc paired sample t-tests with Bonferroni corrections were used
to determine mean separations (main effects: p<0.0167, interaction p<0.005). The significance
level was set at p<0.05 a priori.
RESULTS
Age, height, mass, body mass index (BMI), and stair ascent speeds were not different
between alignment groups (Table 9). Internal foot rotation angles were decreased in the varus
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compared to the valgus group (p=0.005, Table 12). Both TI and TIW increased internal foot
rotation angles compared to normal (both p<0.0001). Step width was greater in TIW compared to
both TI and normal (both p<0.0001) and in TIW compared to TI (p<0.0001, Table 12).
Peak knee extension angles were decreased in TIW compared to normal (p=0.007, Table
10). Knee flexion ROM was decreased in both TI and TIW compared to normal (both p<0.0001)
and in TIW compared to TI (p<0.0001). Peak knee abduction angles were greater for both valgus
(p<0.0001) and neutral (p=0.0004) groups compared to the varus group, and for the valgus
compared to the neutral group (p=0.0111, Table 11). Both TI and TIW increased peak knee
abduction angle compared to normal (both p<0.0001). Knee abduction ROM was greater in the
varus compared to the valgus group (p=0.0158). Knee abduction ROM was reduced in both TI
and TIW compared to normal (both p<0.0001) and in TIW compared to TI (p=0.0127). The peak
knee external rotation angles were decreased for both TI and TIW compared to normal (both
p<0.0001, Table 12).
Both TI (p=0.047) and TIW (p<0.0001) decreased 1st peak vertical GRFs, but increased
2nd peak GRFs (p=0.0017 and p=0.0001, respectively) compared to normal gait (Table 10). Peak
knee extension moments were decreased for both TI (p=0.0006) and TIW (p=0.0081) compared
to normal gait (Table 10). Ensemble KAM curves are provided in Figure 13. The varus group
had greater 1st peak KAMs compared to both neutral (p=0.0021) and valgus (p=0.0078) groups
(Table 11; Figure 13). The 1st peak KAMs were decreased in both TI and TIW compared to
normal (both p<0.0001) and in TIW compared to TI (p=0.0146; Figure 13). The 2nd peak KAMs
were decreased in TIW compared to normal (p=0.0013, Table 11). The KAM impulses were
decreased in both TI and TIW compared to normal (both p<0.0001) and TIW compared to TI

108

(p=0.0053, Table 11). Peak knee internal rotation moments were decreased in TIW compared to
normal (p=0.0001, Table 12).
DISCUSSION
The TI only gait decreased 1st peak KAMs while the TIW gait decreased both 1st and 2nd
peak KAMs, regardless of knee alignments, which support our first two hypotheses. However,
the varus group only showed higher 1st peak KAMs but not 2nd peak KAMs compared to the
neutral and valgus groups, which only partially support our third hypothesis.
The success of the TIW to reduce both 1st and 2nd peak KAMs during stair ascent is an
important finding, as stair ascent is a difficult task for both healthy older adult and KOA
populations. The 1st peak KAMs were reduced by 40% and 51% by the TI and TIW
modifications, respectively, compared to normal gait. These reductions are superior to the 11.1%
and 19.4% reductions found in a previous study by increasing step width alone to 26% and 39%
leg length, respectively.49 Additionally, both toe-in gait modifications involved in this study were
vastly superior to the toe-out gait modification in stair ascent used previously, as toe-out gait
resulted in 11% increases in 1st peak KAMs.125 Although toe-in gait has not previously been
implemented in stair ascent tasks, similar percent reductions of 13% 45,126 to 45% 47 in 1st peak
KAMs using toe-in modifications during level walking were reported in the literature.45,47,127 The
reduced 1st peak KAMs by TI and TIW could be due to the reduced 1st peak vertical GRFs
compared to normal gait. However, the 2nd peak KAMs were also reduced by 12% using the
TIW, despite an increase in the 2nd peak vertical GRF compared to normal gait. Therefore, the
frontal plane load reductions by these gait modifications are possibly due to additional changes
in knee frontal plane kinematics. While both TI and TIW increased peak knee abduction angles
compared to normal, TIW also decreased knee abduction range of motion compared to normal
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and TI gait. The increased knee abduction motion from normal gait during stair ascent by TI and
TIW may have decreased the frontal plane GRF moment arm, and resulted in a reduced knee
adduction load. The reduced 2nd peak KAMs using TIW are similar to the reductions by toe-out
stair gait 125 but smaller than the reductions using step width alone.49 Both TI and TIW also
reduced KAM impulse by 22% and 30%, respectively, compared to normal gait. The KAM
impulse was also 10% lower using TIW compared to TI. The reductions in 1st and 2nd peak
KAMs and KAM impulses lend to the efficacy of the TIW gait modification to reduce knee
frontal plane loading during stair ascent. The success of the TIW gait in the varus knee alignment
group is particularly important for people with KOA, as many people with KOA already have a
varus knee alignment.15 Since this study included only healthy participants, future research is
warranted to determine the efficacy of the TIW gait in KOA patients.
To our knowledge, this is the first study to compare the effects of a gait modification on
knee joint load in all three planes during stair ascent. In this study, both the TI and TIW gait
modifications also reduced peak knee extension moments compared to normal gait. The reduced
peak knee extension moments may be due to the decreased knee flexion range of motion during
TI and TIW. A decrease in flexion range of motion may have reduced the sagittal plane GRF
lever arm,152 and thus reduced the necessary knee extension moment. Reduced peak knee
extension moments have also been suggested to decrease compressive loads at the knee
joint,103,153 and may be an adaptive response to reduce pain in KOA populations.103 Coupled with
the decreased KAMs, the reduced extension moments may be indicative of a decreased overall
mechanical load to the knee joint during stair ascent. Additionally, the TIW gait reduced peak
internal knee rotation moments compared to normal gait. The reduced internal rotation moments
in TIW compared to normal may be due to the knee reaching a more neutral alignment in the
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transverse plane by way of increased toe-in angles resulting in increased shank internal rotation
and reduced external knee rotation angles The results of this study indicate a reduced load to
knee joint in all three planes using the TIW gait. Therefore, it seems the TIW gait modification is
superior to TI or wider step width gait modifications in stair ascent gait. Future research using
musculoskeletal modeling is warranted to determine if knee joint contact loads and muscle forces
during stair ascent are reduced in the TIW gait modification. Additional experimental research is
also needed to determine if the TIW gait is similarly effective in KOA populations.
To our knowledge, this is the first study to experimentally compare gait biomechanics
between neutral, valgus, and varus knee alignment groups during a stair ascent task. In
agreement with previous studies comparing alignment groups in level walking,107,109 we found
only group differences in the frontal plane. Previous studies have found 35% 119 to 42% 118
increases in overall peak KAMs in varus compared to neutral healthy adults in level walking. In
stair ascent, a more difficult and demanding task, we found the varus group had 193% and 183%
greater 1st peak KAMs compared to the neutral and valgus groups, respectively. In addition to
the increased 1st peak KAMs, reduced knee abduction angles and ROM exhibited by the varus
group compared to neutral and valgus groups are similar to gait patterns found in level
walking.107,109 The increased KAMs and more adducted knee joint in the varus group may
provide insight into the reasons stair ascent is a difficult task for KOA patients. Since KAMs are
reportedly larger during stair ascent compared to level walking,125,145 there may be additional
increases in KAMs for people with varus alignments. With increased knee adduction loads and
no reductions in sagittal or transverse plane loads, the varus group may also have increased
medial compartment knee joint loading compared to the neutral and valgus groups. Although
comparisons of knee alignment have not been previously performed experimentally, similar
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results have been found using musculoskeletal modeling.154 Through modifications of a standard
model’s frontal plane knee alignment from neutral to 10° varus and 8° valgus during normal stair
ascent gait, it was found that 1st and 2nd peak KAMs were significantly increased in varus and
decreased in valgus compared to neutral knee alignment.154 Although this study was a
simulation, its results provide support that frontal plane knee alignment can be indicative of
frontal plane knee loading during stair ascent. Future musculoskeletal modeling research is
warranted to determine alignment specific knee joint contact loads and muscle forces during stair
ascent tasks, which may be especially important for understanding knee joint loads in people
with KOA and varus alignment.
This study is limited in that we performed only a short-term assessment of toe-in and toein with wider step width gait modifications. Future research is warranted to determine the effects
of training these gait modifications in healthy participants, especially in people with varus
alignments as they have increased risks of developing KOA. Additionally, since this study did
not involve KOA participants, future research of TIW gait should focus on the KOA population,
especially those with medial KOA. Although the goal was to increase step width to 26% leg
length for the TIW modification, our participants in the study reached a step width of 37% leg
length. Interestingly, the participants also chose to increase step width to 28% leg length using
the TI modification, without instruction. While the step width in TIW was larger than our
targeted step width, it is possible that the larger step width was necessary to result in significant
decreases in 2nd peak KAMs, as reductions were not found with the increased step width in TI.
Our results are in agreement with a previous study that found increased step width to 39% leg
length resulted in an additional 16.7% decrease in 2nd peak KAMs compared to 26% leg length.49
Therefore, the increased step width to 39%, instead of 26%, leg length combined with toe-in
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seems to be necessary to reduce both 1st and 2nd peak KAMs. Finally, although our alignment
groups were not equal in sample size, we reached observed powers greater than 0.99 for both
group and condition comparisons for 1st peak KAMs.
CONCLUSION
The TI and TIW gait modifications were successful in reducing 1st peak KAMs and
KAM impulses compared to normal gait during stair ascent. The TIW modification was also
successful in reducing 2nd peak KAMs compared to normal gait. In addition, the TIW gait
reduced both peak knee extensor moments and internal rotation moment, indicating a reduced
overall load to the knee joint during stair ascent. The varus group had decreased knee abduction
angles and increased 1st peak KAMs compared to neutral and valgus groups. Therefore, the
results indicate that TIW is the most advantageous gait modification for reducing frontal plane
and overall knee loads, and may be especially important for people with varus knee alignment
who are more susceptible to developing medial KOA in the future.
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CHAPTER VI. APPENDIX: TABLES AND FIGURES
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TABLE 9. DEMOGRAPHIC DATA, KNEE MECHANICAL AXIS ANGLE, AND ASCENT
SPEED OF THE THREE ALIGNMENT GROUPS: Mean ± STD.
Neutral

Valgus

Varus

P-Value

Number of Subjects

15

13

10

-

Age (years)

23.7±0.8

22.3±1.0

24.7±0.9

0.2080

Height (m)

1.75±0.1

1.74±0.1

1.77±0.1

0.6200

Mass (kg)

72.8±14.7

72.2±12.6

73.4±14.8

0.9800

BMI

23.6±3.1

23.7±2.5

23.3±4.1

0.9400

Knee Mechanical
Axis Angle (degree)

179.4±0.7

183.6±1.0

174.0±1.4

<0.0001

Ascent Speed

1.67±0.21

1.58±0.20

1.60±0.25

0.5836
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TABLE 10. PEAK VERTICAL GRFS (BW), KNEE FLEXION ROM (DEG.), AND KNEE EXTENSOR MOMENTS (NM/KG),
AND FOR SUBJECT GROUPS AND CONDITIONS: Mean ± STD.
Neutral

Valgus

Varus

F-Statistic, P-Value
Interact
Grp
Cond

Normal

TI

TIW

Normal

TI

TIW

Normal

TI

TIW

1st Peak VGRF #*

1.13±0.07

1.09±0.07

1.06±0.08

1.10±0.04

1.08±0.04

1.08±0.07

1.11±0.07

1.11±0.06

1.09±0.05

0.23,
0.790

12.53,
<0.001

2.26,
0.070

2nd Peak VGRF #*

1.23±0.10

1.27±0.12

1.27±0.11

1.19±0.14

1.22±0.12

1.24±013

1.16±0.08

1.22±0.09

1.23±0.08

1.17,
0.320

10.16,
<0.001

0.26,
0.910

Peak Ext. Angle *

-10.3±4.3

-10.2±4.5

-10.4±4.2

-6.0±4.4

-6.6±3.6

-7.2±5.8

-8.6±3.5

-10.2±4.1

-11.0±3.5

3.02,
0.060

3.84,
0.030

1.42,
0.240

Flex.
ROM #*+

59.6±4.5

56.1±3.8

54.0±3.9

60.9±5.9

58.4±4.3

55.0±5.0

62.6±5.4

56.7±4.9

54.6±3.6

0.58,
0.570

77.01,
<0.001

2.24,
0.070

Peak Ext. Moment #*

1.72±0.36

1.61±0.29

1.56±0.29

1.60±0.18

1.47±0.22

1.49±0.24

1.60±0.23

1.59±0.22

1.56±0.20

0.66,
0.520

8.52,
0.005

1.65,
0.170

Note: Grp: Group, Cond: Condition, Interact: Interaction, % different between neutral & varus, ^ different between neutral & valgus, and $ different between
valgus and varus; # different between normal & TI, * different between normal & TIW, and + different between TI & TIW. VGRF: vertical ground reaction force,
ROM: range of motion, and Ext: extension.
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TABLE 11. PEAK FRONTAL PLANE KNEE ANGLE (DEG.) AND MOMENTS (NM/KG), AND KAM IMPULSE (NMS/KG)
FOR SUBJECT GROUPS AND CONDITIONS: Mean ± STD.
Neutral
Normal

TI

Valgus
TIW

Normal

TI

Varus
TIW

Normal

F-Statistic, P-Value

TI

TIW

Grp

Cond

Interact

Peak Abd. Angle %^$#*

-0.7±2.5

-5.0±3.2

-5.8±3.8

-5.0±3.0

-7.6±3.2

-8.0±3.8

3.0±2.9

-1.3±1.6

-1.2±2.0

19.25,
<0.001

108.15,
<0.001

2.38,
0.060

Abd.
ROM $#*+

11.0±3.8

6.3±5.2

5.2±5.1

7.5±6.8

2.6±5.9

0.9±6.2

13.9±4.9

7.4±5.8

6.0±5.9

3.32,
0.040

88.06,
<0.001

0.96,
0.440

1st Peak KAMs %$#*+

-0.36±0.1

-0.18±0.2

-0.11±0.1

-0.33±0.1

-0.19±0.1

-0.17±0.1

-0.55±0.2

-0.37±0.2

-0.34±0.2

6.5,
0.004

82.99,
<0.001

1.11,
0.360

2nd Peak KAMs *

-0.22±0.2

-0.19±0.2

-0.18±0.2

-0.21±0.1

-0.20±0.1

-0.21±0.2

-0.33±0.2

-0.32±0.2

-0.27±0.2

1.67,
0.200

5.76,
0.005

1.55,
0.200

KAM
Impulse #*+

-0.17±0.1

-0.14±0.1

-0.13±0.1

-0.13±0.1

-0.09±0.0

-0.09±0.0

-0.18±0.1

-0.14±0.1

-0.12±0.1

1.23,
0.310

66.22,
<0.001

0.69,
0.600

Note: Grp: Group, Cond: Condition, Interact: Interaction, % different between neutral & varus, ^ different between neutral & valgus, and $ different between
valgus and varus; # different between normal & TI, * different between normal & TIW, and + different between TI & TIW. Abd: abduction, Add: adduction,
ROM: range of motion, and KAMs: knee abduction moment.
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TABLE 12. FOOT ROTATION ANGLES (DEG.), STEP WIDTHS (CM), AND PEAK KNEE INTERNAL ROTATION ANGLES
(DEG) AND MOMENTS (NM/KG) FOR SUBJECT GROUPS AND CONDITIONS: Mean ± STD.
Neutral

Valgus

Varus

Normal

TI

TIW

Normal

TI

TIW

Foot Rotation Angle $#*

-5.6±6.0

13.8±5.5

13.4±4.6

0.4±10.1

16.8±6.3

16.8±7.4

Step Width#*+

17.4±4.6

24.4±5.7

33.5±4.4

17.4±4.0

22.3±7.0

Peak Ext. Rot Angle #*

-7.1±5.4

-2.1±5.8

-1.2±5.4

-9.1±5.6

Peak Int. Rot Moment *

0.30±0.2

0.26±0.2

0.23±0.2

0.40±0.2

Normal

F-Statistic, P-Value

TI

TIW

Grp

Cond

Interact

-8.1±7.7

12.4±2.7

11.1±2.6

4.48,
0.019

226.86,
<0.001

0.72,
0.580

31.4±3.1

17.8±4.7

27.0±5.8

33.8±2.9

0.11,
0.900

226.86,
<0.001

2.1
0.090

-2.3±2.6

-1.6±3.1

-9.2±6.5

-2.1±5.8

-1.7±6.1

0.09,
0.910

73.29,
<0.001

0.74,
0.570

0.40±0.2

0.38±0.2

0.31±0.2

0.29±0.2

0.29±0.2

1.02,
0.370

8.5,
0.005

1.89,
0.120

Note: Grp: Group, Cond: Condition, Interact: Interaction, % different between neutral & varus, ^ different between neutral & valgus, and $ different between
valgus and varus; # different between normal & TI, * different between normal & TIW, and + different between TI & TIW. Internal foot rotation is positive and
external foot rotation is negative. Int: internal and rot: rotation.
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FIGURE 12. EXPERIMENTAL SETUP OF INSTRUMENTED STAIRCASE. An instrumented
three-step staircase was used to collect GRFs during stair ascent. Adhesive tape strips were
placed at 10° angles to the forward progression of the staircase and at 26% of each participant’s
leg length on each step. Participants were instructed to place one foot on each step for all
conditions, as closely as possible to the 10° angles for both TI and TIW conditions, and outside
of the tapes for the TIW condition.
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FIGURE 13. ENSEMBLE KNEE ABDUCTION MOMENT (KAM) CURVES OF ALL TEST
CONDITIONS. Fig. 13 a) Neutral group, b) Valgus group, and c) Varus group.
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Figure 13a. Continued
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Figure 13b. Continued
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Figure 13c. Continued
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CHAPTER VII
CONCLUSION
The results of Study One indicate that a combination of clinical measurements including
caliper, malleolar width, and thigh length measurements can improve upon current individual
clinical measurements. Additionally, the caliper, malleolar width, and thigh length regression
model was valid for predicting individual knee mechanical axis angles, but less effective in
predicting knee mechanical axis angles of entire alignment groups. Study Two found that motion
capture predictions of the knee mechanical axis angle are largely unaffected by choice of hip
joint center estimation method. The results found by Study One and Study Two lend to the
efficacy of non-radiographic prediction methods of knee mechanical axis angles, providing a
non-invasive safe alternative to radiographs. These two non-radiographic methods can be
implemented in the clinical and/or research setting. Additionally, the results of Study Two
provide radiographic validation of the greater trochanter method in predicting frontal plane hip
joint center locations. Since all three methods were similar in their HJC predictions, each method
appears to be valid methods for predicting HJCs. The validity of these motion capture prediction
methods are important to motion capture assessments of human movement, as many laboratories
across the world utilize these different estimation methods.
Study Three found that the TIW gait modification is superior to a toe-in only gait
modification in reducing 1st peak KAMs compared to normal gait during level walking, without
a subsequent increase in 2nd peak KAMs. The peak KAM changes were present among all knee
alignment groups. The TIW modification also increased peak knee adduction moments for the
valgus group, and therefore may not be recommended for people with valgus alignment.
Additionally, the TIW gait resulted in increases of sagittal and transverse plane knee moments
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during level walking. Therefore, although the TIW may be an effective modification for reducing
frontal plane loading in people with varus alignment, alterations to sagittal and transverse plane
loads should be monitored. Study Four found significant reductions in 1st and 2nd peak KAMs
using TIW compared to normal stair ascent gait, regardless of knee alignment. Additionally, the
TIW reduced sagittal and transverse plane loads during stair ascent. Therefore, the TIW gait is
recommended for reducing overall knee joint loads during stair ascent, especially for people with
varus knee alignment.
The combined results of Study Three and Study Four show that the TIW gait
modification is a viable option for reducing frontal plane loads across two different tasks, level
walking and stair ascent, in all three knee alignment groups. These results may have implications
for people with KOA, as people with KOA are reportedly more varus aligned. Additionally, as
severity of KOA results in further varus malalignment, the TIW gait modification may also be a
viable option to assist in reducing additional loads placed on the medial knee compartment due
to the increased varus alignment. However, TI and TIW gait modifications may not be advisable
for people with valgus alignment, as these modifications may shift greater loads to the lateral
knee compartment.
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APPENDIX A: SUBJECT DEMOGRAPHICS OF STUDIES TWO, THREE, AND FOUR
TABLE 13. NEUTRAL GROUP PARTICIPANT DEMOGRAPHICS.
Subject

Sex

Age (yrs)

Height (m)

Weight (kg)

BMI (kg/m2)

3

F

25

1.58

60.18

24.10

Knee Mechanical
Axis Angle (deg)
179.08

6

M

30

1.75

69.09

22.56

178.51

7

M

29

1.89

94.46

26.44

178.84

9

M

29

1.85

84.53

24.70

177.90

10

M

24

1.78

83.18

26.25

178.50

11

M

19

1.74

70.91

23.42

178.22

12

M

24

1.77

92.54

29.54

178.88

15

F

20

1.72

58.42

19.86

178.23

16

F

21

1.63

53.67

20.20

179.87

17

F

22

1.70

60.16

20.77

179.57

21

M

21

1.89

81.77

23.01

179.61

23

M

20

1.81

94.84

28.95

181.14

24

F

24

1.73

58.49

19.54

179.12

27

M

27

1.63

57.66

21.83

180.33

32

F

22

1.76

72.40

23.37

180.29
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TABLE 14. VALGUS GROUP PARTICIPANT DEMOGRAPHICS.
Subject

Sex

Age (yrs)

Height (m)

Weight (kg)

BMI (kg/m2)

14

F

21

1.68

77.12

27.32

Knee Mechanical
Axis Angle (deg)
180.88

19

F

22

1.65

59.59

21.86

183.66

28

F

26

1.66

61.05

22.29

183.41

31

F

23

1.83

67.48

20.15

182.29

33

F

21

1.66

63.94

23.21

184.24

36

F

23

1.65

66.16

24.27

182.74

37

F

21

1.81

86.38

26.37

183.07

38

F

21

1.81

69.83

21.31

184.19

39

M

20

1.92

100.14

27.17

181.49

40

M

21

1.75

70.04

22.87

184.00
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TABLE 15. VARUS GROUP PARTICIPANT DEMOGRAPHICS.
Subject

Sex

Age (yrs)

Height (m)

Weight (kg)

BMI (kg/m2)

1

M

25

1.83

110.16

32.89

Knee Mechanical
Axis Angle (deg)
174.76

2

M

28

1.75

88.71

28.97

172.55

4

M

22

1.83

69.18

20.68

175.42

8

M

22

1.65

61.68

22.63

176.30

13

M

23

1.85

82.49

24.10

176.22

18

M

26

1.65

54.74

20.23

172.00

20

M

20

1.84

67.82

20.14

173.70

22

M

22

1.76

61.22

19.76

174.36

25

M

25

1.79

78.85

24.75

176.12

26

M

31

1.87

62.44

17.95

174.49

29

M

29

1.82

80.88

24.55

174.04

30

F

30

1.64

65.81

24.47

176.53

35

M

24

1.82

70.37

21.24

174.76
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March 07, 2016

Hunter Jared Bennett,
UTK - Kinesiology Recreation & Sport Studies
Re: UTK IRB-14-09439 B-XP
Study Title: Effects of foot position modifications in level and stair gait in stationary cycling on lower
extremity biomechanics in adults with knee mal-alignments.

Dear Hunter Jared Bennett:
The UTK Institutional Review Board (IRB) reviewed your application to continue your previously approved
project, referenced above. It has determined that your application is eligible for expedited review under 45
CFR 46.110(b)(1). The IRB reviewed your renewal application and determined that it does comply with
proper consideration for the rights and welfare of human subjects and the regulatory requirements for the
protection of human subjects. Therefore, this letter constitutes approval of your renewal application.
Approval of this study will be valid from 03/07/2016 to 03/22/2017.
Please note that you are not approved, at this time, to enroll additional participants, as you report having
enrolled 40, the maximum number for which you were approved. If you wish to increase this number, you
must first submit for review and approval a Form 2 Change Request. If you do so, please include as part of
that submission a clean copy of the Informed Consent form last approved by the IRB so that it can be dated
and stamped approved; the form you submitted with this application, "Informed_Consent_Updated_12_03" is
not the most currently approved version.
Any revisions in the approved application must also be submitted to and approved by the IRB prior to
implementation. In addition, you are responsible for reporting any unanticipated serious adverse events or
other problems involving risks to subject or others in the manner required by the local IRB policy.
Finally, re-approval of your project is required by the IRB in accord with the conditions specified above.
You may not continue the research study beyond the time or other limits specified unless you obtain prior
written approval of the IRB.
Sincerely,

Colleen P. Gilrane, Ph.D.
Chair
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APPENDIX D. INDIVIDUAL RESULTS FOR SELECT VARIABLES
TABLE 16. NEUTRAL GROUP AVERAGE LEVEL WALKING SPEED, FOOT ROTATION
ANGLES, AND STEP WIDTHS.
Foot Rotation Angles (deg)

Step Widths (cm)

3

Speed
(m/s)
1.62

6

1.53

2.8

22.4

22.7

12.2

13.7

19.2

7

1.51

-2.4

8.2

8.2

12.0

25.8

38.0

9

1.20

3.3

22.8

19.0

10.0

27.3

26.5

10

1.40

-10.0

14.7

16.8

13.2

24.9

32.4

11

1.32

-3.5

9.9

7.3

14.6

17.6

29.2

12

1.23

-4.0

20.5

19.1

9.5

19.7

24.2

15

1.41

-11.7

15.7

13.3

11.4

30.5

29.9

16

1.31

-1.0

12.6

13.4

10.1

22.3

27.9

17

1.21

-2.7

15.3

15.1

10.2

23.9

35.8

21

1.64

6.1

23.1

22.9

10.6

21.0

30.6

23

1.25

-12.1

11.6

8.3

10.8

19.3

33.7

24

1.32

4.1

16.5

18.0

12.0

23.7

35.5

27

1.61

-6.6

15.7

20.7

9.0

38.5

34.6

32

1.30

-3.3

15.8

15.6

13.3

18.1

23.9

Subject

Normal

TI

TIW

Normal

TI

TIW

-1.0

10.5

10.3

11.1

21.3

17.5

147

TABLE 17. VALGUS GROUP AVERAGE LEVEL WALKING SPEED, FOOT ROTATION
ANGLES, AND STEP WIDTHS.
Foot Rotation Angles (deg)

Step Widths (cm)

14

Speed
(m/s)
1.21

19

1.40

9.3

22.1

24.2

14.4

18.9

28.0

28

1.56

0.0

10.6

9.4

13.5

19.7

25.5

31

1.43

-6.3

19.6

17.1

12.2

27.3

35.1

33

1.45

5.0

20.1

20.8

10.6

21.7

25.4

36

1.68

-8.0

11.5

11.8

11.2

21.5

27.3

37

1.78

2.9

18.6

17.9

15.8

26.9

23.6

38

1.33

0.5

15.2

16.7

12.1

22.2

23.5

39

1.27

0.9

14.7

12.1

14.7

22.3

28.0

40

1.50

-4.6

16.8

17.4

8.9

12.4

19.4

Subject

Normal

TI

TIW

Normal

TI

TIW

8.7

25.3

24.2

14.4

16.2

31.4
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TABLE 18. VARUS GROUP AVERAGE LEVEL WALKING SPEED, FOOT ROTATION
ANGLES, AND STEP WIDTHS.
Foot Rotation Angles (deg)

Step Widths (cm)

1

Speed
(m/s)
1.47

2

1.70

-2.0

14.3

13.2

10.0

20.0

28.1

4

1.46

-12.1

19.9

18.2

10.1

28.2

38.2

8

1.37

9.3

11.5

12.0

11.2

12.0

27.6

13

1.18

-4.7

12.5

13.1

16.3

29.2

34.3

18

1.39

-8.8

21.5

24.6

8.1

32.5

38.8

20

1.20

-10.3

11.2

12.3

6.6

21.7

37.4

22

1.69

1.3

8.6

9.5

14.9

29.2

28.0

25

1.36

0.2

15.8

15.4

11.7

32.8

34.7

26

1.40

-10.6

8.5

9.7

9.7

25.1

32.5

29

1.35

-12.2

14.6

15.7

1.5

16.2

37.0

30

1.34

-16.3

14.0

13.4

9.2

24.6

34.5

35

1.41

-6.6

12.1

12.7

9.3

21.1

27.6

Subject

Normal

TI

TIW

Normal

TI

TIW

-3.2

13.5

7.5

14.7

36.7

26.9
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TABLE 19. NEUTRAL GROUP LEVEL WALKING 1ST AND 2ND PEAK VERTICAL
GROUND REACTION FORCES.
1st Peak vertical GRFs (BW)
Normal
TI
TIW
1.342±0.022 1.388±0.052 1.408±0.052

2nd Peak vertical GRFs (BW)
Normal
TI
TIW
1.252±0.058 1.261±0.014 1.262±0.036

6

1.155±0.013

1.243±0.042

1.199±0.072

1.150±0.033

1.123±0.023

1.143±0.030

7

1.175±0.017

1.211±0.100

1.257±0.044

1.134±0.011

1.155±0.032

1.139±0.061

9

1.162±0.032

1.223±0.063

1.178±0.037

1.022±0.015

0.985±0.020

0.979±0.023

10

1.249±0.029

1.349±0.057

1.450±0.054

1.104±0.035

0.991±0.016

0.996±0.036

11

1.178±0.043

1.147±0.039

1.115±0.035

1.086±0.034

1.083±0.035

1.089±0.028

12

1.024±0.056

1.431±0.053

1.408±0.086

1.041±0.030

0.986±0.017

0.999±0.016

15

1.175±0.016

1.286±0.013

1.202±0.009

1.231±0.031

1.221±0.037

1.189±0.030

16

1.226±0.017

1.260±0.053

1.259±0.034

1.107±0.027

1.074±0.025

1.034±0.021

17

1.078±0.042

1.182±0.021

1.222±0.054

1.053±0.023

1.009±0.018

1.005±0.029

21

1.254±0.032

1.255±0.064

1.062±0.143

1.166±0.011

1.179±0.011

1.165±0.018

23

1.098±0.030

1.104±0.020

1.117±0.040

1.116±0.015

1.026±0.040

1.057±0.045

24

1.190±0.052

1.245±0.059

1.275±0.053

1.150±0.023

1.169±0.036

1.161±0.067

27

1.348±0.014

1.428±0.042

1.416±0.033

1.211±0.022

1.087±0.042

1.097±0.094

32

1.112±0.031

1.041±0.053

1.073±0.041

1.087±0.023

1.062±0.026

1.081±0.006

Subject
3
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TABLE 20. VALGUS GROUP LEVEL WALKING 1ST AND 2ND PEAK VERTICAL
GROUND REACTION FORCES.
1st Peak vertical GRFs (BW)
Normal
TI
TIW
1.023±0.017 1.054±0.017 1.073±0.016

2nd Peak vertical GRFs (BW)
Normal
TI
TIW
1.066±0.020 1.049±0.025 1.047±0.028

19

1.168±0.042

1.173±0.036

1.211±0.046

1.176±0.020

1.098±0.036

1.153±0.040

28

1.265±0.026

1.270±0.026

1.271±0.048

1.216±0.060

1.266±0.028

1.307±0.064

31

1.281±0.046

1.292±0.056

1.329±0.033

1.207±0.053

1.103±0.021

1.117±0.039

33

1.208±0.063

1.389±0.056

1.260±0.126

1.113±0.037

1.142±0.044

1.131±0.034

36

1.252±0.024

1.210±0.041

1.252±0.039

1.201±0.057

1.114±0.104

1.162±0.050

37

1.312±0.023

1.315±0.057

1.333±0.083

1.327±0.034

1.152±0.053

1.167±0.075

38

1.056±0.019

1.167±0.032

1.165±0.065

1.121±0.014

1.122±0.049

1.079±0.040

39

1.138±0.030

1.178±0.017

1.124±0.020

1.043±0.013

0.985±0.014

0.986±0.034

40

1.271±0.037

1.293±0.080

1.331±0.080

1.084±0.021

1.171±0.061

1.111±0.050

Subject
14

151

TABLE 21. VARUS GROUP LEVEL WALKING 1ST AND 2ND PEAK VERTICAL
GROUND REACTION FORCES.
1st peak vertical GRFs (BW)
Normal
TI
TIW
1.192±0.046 1.302±0.048 1.288±0.035

2nd Peak vertical GRFs (BW)
Normal
TI
TIW
1.120±0.017 1.025±0.014 1.041±0.027

2

1.248±0.059

1.459±0.069

1.408±0.051

1.151±0.032

1.208±0.089

1.199±0.011

4

1.213±0.032

1.248±0.045

1.265±0.058

1.147±0.035

1.069±0.039

1.065±0.028

8

1.223±0.025

1.198±0.045

1.227±0.008

1.159±0.008

1.160±0.050

1.150±0.024

13

1.039±0.029

1.083±0.017

1.092±0.024

1.134±0.036

1.130±0.054

1.125±0.055

18

1.309±0.055

1.424±0.060

1.461±0.056

1.188±0.026

1.040±0.043

1.014±0.071

20

1.093±0.030

1.153±0.036

1.163±0.016

1.122±0.022

1.082±0.007

1.112±0.029

22

1.244±0.056

1.274±0.042

1.347±0.069

1.087±0.035

1.059±0.040

1.051±0.015

25

1.168±0.040

1.217±0.026

1.187±0.040

1.121±0.017

1.045±0.031

1.031±0.027

26

1.192±0.012

1.227±0.046

1.217±0.040

1.101±0.016

1.103±0.024

1.113±0.035

29

1.147±0.029

1.228±0.050

1.517±0.069

1.092±0.016

1.024±0.042

1.025±0.030

30

1.132±0.042

1.168±0.035

1.255±0.059

1.146±0.015

1.096±0.062

1.127±0.028

35

1.103±0.040

1.092±0.030

1.063±0.138

1.151±0.024

1.089±0.026

1.065±0.033

Subject
1
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TABLE 22. NEUTRAL GROUP LEVEL WALKING FLEXION RANGES OF MOTION AND
PEAK EXTENSION MOMENTS.
Subject
3

Flexion Range of Motion (deg)
Normal
TI
TIW
23.1
29.8
27.4

Peak Extension Moment (Nm/kg)
Normal
TI
TIW
0.800±0.062 0.975±0.125
0.878±0.054

6

20.8

18.0

21.5

1.030±0.014

1.005±0.090

0.953±0.171

7

26.3

24.1

28.7

0.554±0.034

0.968±0.130

1.217±0.147

9

20.5

21.8

17.6

0.908±0.069

0.886±0.071

0.726±0.109

10

18.1

21.8

25.7

0.793±0.052

1.258±0.197

1.493±0.189

11

22.4

19.7

20.6

0.938±0.163

0.803±0.055

0.760±0.112

12

7.8

4.8

3.1

0.037±0.023

0.303±0.103

0.271±0.134

15

16.2

18.2

17.8

0.615±0.076

0.968±0.094

0.620±0.078

16

22.8

25.0

24.3

0.826±0.032

0.671±0.062

0.709±0.043

17

17.9

19.2

18.5

0.824±0.040

0.939±0.097

1.089±0.149

21

18.6

19.5

18.9

1.471±0.096

1.524±0.111

0.987±0.247

23

18.9

25.1

23.1

0.552±0.087

0.563±0.108

0.739±0.087

24

21.2

21.1

24.7

0.793±0.109

0.672±0.083

0.870±0.175

27

24.7

18.9

16.2

0.922±0.101

1.317±0.023

1.020±0.084

32

17.8

10.9

17.9

0.898±0.092

0.734±0.184

0.819±0.134
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TABLE 23. VALGUS GROUP LEVEL WALKING FLEXION RANGES OF MOTION AND
PEAK EXTENSION MOMENTS.
Subject
14

Flexion Range of Motion (deg)
Normal
TI
TIW
14.9
18.0
18.8

Peak Extension Moment (Nm/kg)
Normal
TI
TIW
0.734±0.073 0.745±0.005
0.783±0.071

19

12.7

14.2

15.9

0.708±0.050

0.734±0.111

0.717±0.101

28

22.6

17.4

21.9

0.874±0.055

0.533±0.073

0.689±0.121

31

22.9

23.2

27.4

1.196±0.101

1.290±0.149

1.643±0.155

33

5.0

15.1

16.6

0.003±0.020

0.707±0.186

0.862±0.179

36

25.8

22.5

22.6

1.216±0.174

1.117±0.163

1.191±0.048

37

25.4

21.4

22.1

1.385±0.151

1.400±0.076

1.336±0.173

38

18.8

21.2

22.4

0.518±0.039

0.644±0.040

0.660±0.144

39

21.9

25.4

24.6

1.033±0.081

1.197±0.066

1.131±0.090

40

28.5

28.7

28.6

1.238±0.066

1.409±0.162

1.343±0.146

154

TABLE 24. VARUS GROUP LEVEL WALKING FLEXION RANGES OF MOTION AND
PEAK EXTENSION MOMENTS.
Subject
1

Flexion Range of Motion (deg)
Normal
TI
TIW
21.5
24.0
23.6

Peak Extension Moment (Nm/kg)
Normal
TI
TIW
0.676±0.120 0.882±0.084
0.842±0.093

2

27.8

32.6

30.5

1.200±0.129

1.461±0.169

1.400±0.131

4

19.8

17.8

21.9

0.519±0.094

0.531±0.051

0.620±0.098

8

24.1

23.5

24.9

0.853±0.054

0.826±0.062

0.874±0.050

13

19.1

22.3

28.4

0.456±0.053

0.747±0.080

0.949±0.165

18

19.1

27.0

27.4

0.853±0.044

1.189±0.082

1.267±0.110

20

13.8

16.2

18.2

0.622±0.038

0.927±0.101

0.992±0.103

22

19.2

16.1

13.8

0.665±0.067

0.736±0.159

0.611±0.092

25

19.4

25.2

23.0

0.816±0.044

1.100±0.122

1.033±0.084

26

19.6

19.9

20.2

0.773±0.074

1.016±0.046

1.004±0.101

29

26.0

31.8

36.0

0.536±0.129

0.804±0.129

1.797±0.297

30

10.0

13.6

19.6

0.203±0.020

0.635±0.103

0.748±0.074

35

18.6

12.3

12.1

0.732±0.060

0.349±0.060

0.529±0.131
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TABLE 25. NEUTRAL GROUP LEVEL WALKING PEAK ABDUCTION AND ADDUCTION ANGLES, AND ABDUCTION
RANGES OF MOTION.
Peak Abduction Angle (deg)
Normal
TI
TIW
-2.612±0.280
-2.397±0.452
-2.335±0.283

Peak Adduction Angle (deg)
Normal
TI
TIW
5.634±0.265
0.569±0.970
0.909±0.546

6

-4.869±0.238

-7.193±0.847

-8.338±0.877

-1.658±0.421

-4.145±0.949

-4.653±1.111

3.2

3.0

3.7

7

-3.000±0.288

-5.540±0.466

-6.253±1.287

0.160±0.608

-3.154±0.952

-3.684±1.239

3.2

2.4

2.6

9

0.080±0.622

-4.335±1.473

-4.108±0.368

1.602±0.534

0.165±1.000

1.870±1.153

1.5

4.5

6.0

10

-2.201±0.415

-5.582±0.453

-6.996±0.312

3.272±0.262

1.242±0.592

-5.145±3.171

5.5

6.8

1.9

11

2.729±0.050

1.061±0.541

0.684±0.000

5.618±0.352

3.281±0.578

3.003±0.382

2.9

2.2

2.3

12

-3.055±0.556

-5.621±0.748

-5.546±0.852

0.381±0.392

-1.009±0.227

-1.613±0.832

3.4

4.6

3.9

15

-1.647±1.185

-6.394±0.000

.±.

3.650±0.446

-2.468±0.657

-2.163±0.405

5.3

3.9

.±.

16

-0.629±0.481

-3.701±0.214

-5.683±1.327

4.845±0.272

0.500±0.543

-0.925±0.553

5.5

4.2

4.8

17

-1.414±0.407

-7.602±0.531

-8.322±1.419

1.491±0.544

-3.068±0.935

-2.601±1.014

2.9

4.5

5.7

21

-5.730±1.129

-7.951±1.551

-9.580±1.155

-2.206±0.329

-2.027±0.609

-2.328±1.863

3.5

5.9

7.3

23

-2.849±0.585

-6.506±0.423

-8.761±0.000

1.918±0.226

1.438±0.670

1.085±0.335

4.8

7.9

9.8

24

-1.650±0.413

-3.794±0.318

-6.527±0.000

2.685±0.582

-0.247±1.065

-2.691±0.908

4.3

3.5

3.8

27

1.812±0.467

-2.367±0.713

-1.264±0.664

7.057±0.582

2.203±1.205

1.203±0.415

5.2

4.6

2.5

32

-6.308±0.406

-13.555±0.000

-14.644±0.000

1.485±0.311

-1.645±0.642

-3.511±1.089

7.8

11.9

11.1

Subject
3
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Abduction ROM (deg)
Normal
TI
TIW
8.2
3.0
3.2

TABLE 26. VALGUS GROUP LEVEL WALKING PEAK ABDUCTION AND ADDUCTION ANGLES, AND ABDUCTION
RANGES OF MOTION.
Peak Abduction Angle(deg)
Normal
TI
TIW
-11.222±0.396 -11.461±0.311
18.8

Peak Adduction Angle (deg)
Normal
TI
TIW
-5.557±0.548 -7.597±1.020 0.783±0.071

19

-6.983±0.376

-9.302±0.753

15.9

-3.249±0.528

-4.461±0.834

0.717±0.101

3.7

4.8

5.6

28

-3.347±0.314

-4.142±0.805

21.9

4.120±0.803

0.784±1.026

0.689±0.121

7.5

4.9

3.6

31

-4.950±0.272

-9.552±0.663

27.4

-0.161±0.518

-6.348±0.826

1.643±0.155

4.8

3.2

2.4

33

-7.165±0.294

-7.954±0.913

16.6

-0.990±0.051

-5.597±0.658

0.862±0.179

6.2

2.4

3.2

36

-2.792±0.454

.±.

22.6

1.402±0.713

-2.402±0.701

1.191±0.048

4.2

.±.

.±.

37

-8.387±0.533

-9.723±0.421

22.1

-3.009±0.473

-5.640±1.447

1.336±0.173

5.4

4.1

4.8

38

-9.671±0.404

-11.778±0.967

22.4

-3.855±1.750

-5.894±1.211

0.660±0.144

5.8

5.9

6.8

39

-3.369±0.570

-6.903±0.681

24.6

1.308±0.928

0.967±0.182

1.131±0.090

4.7

7.9

4.3

40

-7.694±1.086

-11.424±1.336

28.6

-0.627±0.745

-1.777±0.661

1.343±0.146

7.1

9.6

7.1

Subject
14
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Abduction ROM (deg)
Normal
TI
TIW
5.7
3.9
3.3

TABLE 27. VARUS GROUP LEVEL WALKING PEAK ABDUCTION AND ADDUCTION ANGLES, AND ABDUCTION
RANGES OF MOTION.
Peak Abduction Angle (deg)
Normal
TI
TIW
0.213±0.344 -1.916±1.169 -1.450±0.681

Peak Adduction Angle (deg)
Normal
TI
TIW
5.264±0.535
3.220±1.685
1.285±0.420

2

-4.726±0.508

-5.823±0.000

.±.

6.981±1.466

7.132±0.400

7.682±0.825

11.7

13.0

.±.

4

2.344±0.040

0.894±0.000

.±.

6.249±0.068

4.533±0.442

4.085±1.519

3.9

3.6

.±.

8

-1.900±0.576

-1.955±0.220

.±.

4.849±0.456

4.767±0.244

4.444±0.418

6.7

6.7

.±.

13

-2.526±0.671

-2.769±0.657

-4.723±0.202

2.591±0.531

0.855±0.541

0.509±1.215

5.1

3.6

5.2

18

5.375±0.596

0.112±0.699

-1.040±1.427

11.470±1.563

4.385±0.800

4.058±1.856

6.1

4.3

5.1

20

4.820±0.825

2.416±0.445

.±.

6.793±0.477

3.461±1.324

2.685±0.778

2.0

1.0

.±.

22

1.123±0.694

.±.

.±.

5.180±0.388

3.274±0.567

3.676±0.540

4.1

.±.

.±.

25

2.012±0.398

.±.

-0.209±0.000

4.318±0.999

-0.074±0.306

-0.103±0.494

2.3

.±.

0.1

26

6.639±0.226

.±.

.±.

10.675±0.408

7.264±0.585

3.327±0.401

4.0

.±.

.±.

29

6.429±0.481

1.085±0.482

-2.331±2.938

8.650±0.432

6.105±1.901

3.919±1.481

2.2

5.0

6.3

30

3.533±0.383

13.6

.±.

10.564±0.437

3.272±1.459

4.555±1.990

7.0

.±.

.±.

35

-1.573±0.433

12.3

.±.

3.017±0.430

0.349±0.060

7.197±0.730

4.6

.±.

.±.

Subject
1
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Abduction ROM (deg)
Normal
TI
TIW
5.1
5.1
2.7

TABLE 28. NEUTRAL GROUP LEVEL WALKING 1ST AND 2ND PEAK KAMS AND PEAK ADDUCTION MOMENTS.
1st Peak KAMs (Nm/kg)
Normal
TI
TIW
-0.570±0.032 -0.315±0.034 -0.418±0.030

2nd Peak KAMs (Nm/kg)
Normal
TI
TIW
-0.387±0.041 -0.356±0.018 -0.362±0.059

Peak Adduction Moment (Nm/kg)
Normal
TI
TIW
0.110±0.038 0.217±0.055 0.206±0.036

6

-0.350±0.046

-0.148±0.057

-0.134±0.085

-0.297±0.030

-0.234±0.040

-0.254±0.038

0.102±0.014

0.383±0.058

0.282±0.043

7

-0.340±0.012

-0.500±0.089

-0.508±0.130

-0.202±0.012

-0.433±0.024

-0.378±0.078

0.098±0.109

0.132±0.027

0.161±0.055

9

-0.399±0.039

-0.231±0.050

-0.238±0.043

-0.525±0.039

-0.491±0.025

-0.497±0.037

0.026±0.021

0.110±0.035

0.080±0.028

10

-0.454±0.021

-0.165±0.043

-0.056±0.063

-0.255±0.033

-0.326±0.042

-0.184±0.051

0.075±0.018

0.209±0.039

0.360±0.086

11

-0.514±0.028

-0.421±0.027

-0.367±0.027

-0.362±0.015

-0.466±0.031

-0.389±0.050

0.065±0.017

0.055±0.016

0.074±0.022

12

-0.328±0.034

-0.359±0.029

-0.287±0.091

-0.232±0.023

-0.326±0.066

-0.245±0.062

0.021±0.017

0.242±0.055

0.221±0.045

15

-0.610±0.016

-0.268±0.031

-0.233±0.022

-0.376±0.038

-0.432±0.049

-0.329±0.049

0.034±0.006

0.115±0.025

0.087±0.040

16

-0.605±0.020

-0.338±0.028

-0.240±0.012

-0.265±0.011

-0.266±0.017

-0.211±0.027

0.064±0.016

0.109±0.014

0.131±0.024

17

-0.477±0.018

-0.349±0.038

-0.311±0.051

-0.342±0.018

-0.394±0.055

-0.385±0.021

0.053±0.005

0.070±0.043

0.064±0.050

21

-0.394±0.033

-0.302±0.069

-0.131±0.134

-0.601±0.014

-0.667±0.069

-0.596±0.031

0.064±0.016

0.224±0.060

0.317±0.038

23

-0.426±0.019

-0.480±0.023

-0.470±0.039

-0.357±0.014

-0.394±0.012

-0.393±0.053

-0.010±0.000

0.063±0.041

0.099±0.019

24

-0.426±0.025

-0.216±0.037

-0.149±0.023

-0.446±0.022

-0.431±0.021

-0.376±0.036

0.143±0.025

0.155±0.029

0.210±0.043

27

-0.726±0.027

-0.343±0.091

-0.321±0.026

-0.462±0.021

-0.331±0.088

-0.373±0.063

0.077±0.015

0.200±0.057

0.243±0.052

32

-0.544±0.018

-0.392±0.021

-0.295±0.059

-0.347±0.034

-0.393±0.058

-0.387±0.010

-0.010±0.010

0.095±0.057

0.127±0.032

Subject
3
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TABLE 29. VALGUS GROUP LEVEL WALKING 1ST AND 2ND PEAK KAMS AND PEAK ADDUCTION MOMENTS.
1st Peak KAMs (Nm/kg)
Normal
TI
TIW
-0.391±0.028 -0.313±0.023 -0.196±0.038

2nd Peak KAMs (Nm/kg)
Normal
TI
TIW
-0.312±0.070 -0.425±0.060 -0.292±0.028

Peak Adduction Moment (Nm/kg)
Normal
TI
TIW
0.092±0.011 0.148±0.031 0.151±0.044

19

-0.203±0.016

-0.136±0.022

-0.108±0.027

-0.199±0.017

-0.175±0.097

-0.151±0.018

0.118±0.010

0.207±0.062

0.245±0.026

28

-0.495±0.030

-0.289±0.025

-0.274±0.029

-0.309±0.010

-0.335±0.018

-0.303±0.025

0.118±0.010

0.131±0.016

0.174±0.017

31

-0.368±0.061

-0.024±0.035

-0.023±0.026

-0.185±0.015

-0.198±0.035

-0.201±0.037

0.059±0.015

0.335±0.023

0.282±0.037

33

-0.312±0.018

-0.162±0.042

-0.123±0.078

-0.208±0.013

-0.209±0.039

-0.207±0.019

0.079±0.006

0.209±0.037

0.212±0.039

36

-0.511±0.049

-0.336±0.037

-0.385±0.046

-0.289±0.020

-0.419±0.057

-0.460±0.045

0.051±0.010

0.090±0.022

0.128±0.053

37

-0.479±0.047

-0.438±0.041

-0.416±0.045

-0.334±0.062

-0.401±0.038

-0.376±0.088

0.018±0.042

0.144±0.124

0.115±0.080

38

-0.196±0.016

-0.186±0.033

-0.189±0.015

-0.119±0.029

-0.145±0.056

-0.163±0.024

0.131±0.019

0.224±0.074

0.239±0.052

39

-0.359±0.015

-0.326±0.079

-0.252±0.046

-0.472±0.025

-0.503±0.072

-0.484±0.041

0.028±0.028

0.040±0.046

0.085±0.021

40

-0.199±0.058

0.002±0.058

0.004±0.119

-0.197±0.046

-0.143±0.102

-0.144±0.053

0.041±0.008

0.377±0.075

0.349±0.094

Subject
14
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TABLE 30. VARUS GROUP LEVEL WALKING PEAK 1ST AND 2ND PEAK KAMS AND PEAK ADDUCTION MOMENTS.
1st Peak KAMs (Nm/kg)
Normal
TI
TIW
-0.669±0.048 -0.437±0.099 -0.504±0.076

2nd Peak KAMs (Nm/kg)
Normal
TI
TIW
-0.422±0.039
-0.341±0.055 -0.389±0.059

2

-0.586±0.032

-0.451±0.088

-0.395±0.105

-0.741±0.044

-0.990±0.078

-0.963±0.062

.±.

0.091±0.025

0.129±0.015

4

-0.615±0.049

-0.345±0.071

-0.358±0.078

-0.475±0.015

-0.592±0.055

-0.521±0.069

.±.

0.066±0.029

0.082±0.016

8

-0.370±0.027

-0.351±0.013

-0.285±0.017

-0.522±0.011

-0.542±0.040

-0.446±0.035

0.077±0.013

0.063±0.009

0.113±0.014

13

-0.433±0.040

-0.465±0.042

-0.422±0.045

-0.330±0.059

-0.426±0.073

-0.443±0.053

0.164±0.061

0.206±0.047

0.236±0.019

18

-0.971±0.097

-0.499±0.040

-0.497±0.027

-0.593±0.052

-0.416±0.025

-0.369±0.040

0.100±0.011

0.149±0.026

0.131±0.032

20

-0.663±0.037

-0.439±0.056

-0.397±0.031

-0.454±0.017

-0.507±0.023

-0.486±0.021

0.065±0.010

0.081±0.023

0.082±0.034

22

-0.574±0.017

-0.550±0.073

-0.453±0.082

-0.396±0.033

-0.475±0.058

-0.352±0.029

.±.

0.085±0.003

0.084±0.013

25

-0.488±0.030

-0.390±0.053

-0.377±0.038

-0.517±0.016

-0.475±0.042

-0.464±0.028

0.097±0.061

0.152±0.030

0.126±0.030

26

-0.843±0.042

-0.660±0.075

-0.603±0.038

-0.621±0.032

-0.736±0.039

-0.701±0.019

0.085±0.000

0.060±0.019

0.089±0.041

29

-0.778±0.057

-0.599±0.059

-0.578±0.172

-0.528±0.034

-0.665±0.080

-0.473±0.066

.±.

0.041±0.005

0.042±0.029

30

-0.833±0.034

-0.396±0.026

-0.312±0.080

-0.402±0.025

-0.576±0.021

-0.564±0.084

0.052±0.020

0.059±0.018

0.087±0.038

35

-0.483±0.034

-0.384±0.096

-0.393±0.043

-0.523±0.030

-0.696±0.032

-0.713±0.046

.±.

0.030±0.014

0.004±0.019

Subject
1
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Peak Adduction Moment (Nm/kg)
Normal
TI
TIW
0.139±0.018 0.200±0.028 0.128±0.032

TABLE 31. NEUTRAL GROUP LEVEL WALKING PEAK INTERNAL ROTATION ANGLE AND INTERNAL ROTATION
MOMENTS.
Subject
3

Peak Internal Rotation Angle (deg)
Normal
TI
TIW
0.575±0.933
10.778±1.646
9.471±1.520

Peak Internal Rotation Moment (Nm/kg)
Normal
TI
TIW
0.075±0.018
0.134±0.017
0.114±0.017

6

0.528±0.585

9.210±1.483

10.655±0.541

0.209±0.010

0.189±0.015

0.223±0.041

7

-9.821±2.559

-3.306±1.373

-1.090±1.827

0.145±0.012

0.249±0.049

0.240±0.147

9

-2.239±1.405

1.312±2.057

0.999±1.266

0.181±0.006

0.220±0.038

0.194±0.009

10

-8.844±0.926

2.378±0.803

5.423±2.769

0.153±0.010

0.125±0.029

0.134±0.008

11

0.203±0.515

3.854±2.582

3.857±2.772

0.129±0.029

0.115±0.010

0.111±0.019

12

-9.802±2.512

1.743±2.254

-1.504±2.344

-0.023±0.020

0.013±0.016

0.009±0.007

15

-12.887±1.191

7.510±0.885

7.105±0.368

0.112±0.020

0.157±0.017

0.123±0.006

16

-8.724±0.866

-0.546±0.729

1.240±1.559

0.182±0.015

0.171±0.012

0.167±0.022

17

-9.680±1.520

1.393±1.092

1.739±1.813

0.185±0.017

0.244±0.024

0.253±0.055

21

6.985±1.329

12.035±1.291

14.027±0.960

0.295±0.035

0.346±0.067

0.202±0.021

23

-11.288±0.687

-1.986±1.386

-2.110±1.835

0.049±0.018

0.095±0.019

0.142±0.059

24

-3.387±1.692

2.843±2.492

5.221±1.911

0.185±0.027

0.125±0.016

0.130±0.018

27

-1.145±1.535

9.407±0.484

12.538±1.805

0.196±0.019

0.162±0.014

0.087±0.025

32

-1.948±1.519

8.304±2.441

9.274±1.858

0.183±0.023

0.154±0.034

0.156±0.025
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TABLE 32. VALGUS GROUP LEVEL WALKING PEAK INTERNAL ROTATION ANGLE AND INTERNAL ROTATION
MOMENTS.
Subject
14

Peak Internal Rotation Angle (deg)
Normal
TI
TIW
3.773±1.197
9.487±2.932
12.565±1.969

Peak Internal Rotation Moment (Nm/kg)
Normal
TI
TIW
0.183±0.027
0.192±0.018
0.182±0.021

19

-5.410±0.897

0.837±3.959

5.784±4.183

0.129±0.012

0.127±0.021

0.111±0.007

28

-5.526±0.420

2.175±2.382

6.541±1.783

0.097±0.012

0.063±0.008

0.077±0.007

31

-5.676±1.369

7.599±1.035

6.068±1.039

0.183±0.019

0.190±0.023

0.243±0.025

33

-4.394±1.736

5.312±1.951

5.001±2.738

-0.023±0.011

0.102±0.037

0.151±0.033

36

0.467±1.657

10.325±2.393

10.232±1.960

0.170±0.033

0.188±0.018

0.183±0.029

37

2.194±0.779

5.968±5.088

7.493±1.362

0.276±0.042

0.286±0.037

0.286±0.056

38

2.174±1.109

9.152±1.464

11.709±1.918

0.076±0.016

0.095±0.009

0.101±0.023

39

-2.418±1.408

5.959±4.315

2.163±0.180

0.213±0.019

0.243±0.001

0.208±0.005

40

-3.563±2.270

7.813±2.133

8.245±1.243

0.160±0.034

0.215±0.053

0.178±0.025
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TABLE 33. VARUS GROUP LEVEL WALKING PEAK INTERNAL ROTATION ANGLE AND INTERNAL ROTATION
MOMENTS.
Subject
1

Peak Internal Rotation Angle (deg)
Normal
TI
TIW
-13.026±1.080
-6.711±1.497
-4.054±1.099

Peak Internal Rotation Moment (Nm/kg)
Normal
TI
TIW
0.117±0.027
0.139±0.021
0.164±0.029

2

3.899±0.698

11.881±2.194

14.300±1.986

0.135±0.027

0.238±0.059

0.237±0.053

4

-7.592±0.617

2.695±1.228

5.065±1.615

0.120±0.022

0.120±0.034

0.132±0.011

8

-6.099±1.499

-5.880±0.955

-0.120±0.704

0.177±0.021

0.168±0.028

0.155±0.014

13

-12.105±1.439

-5.130±2.872

-4.997±1.785

0.048±0.013

0.144±0.015

0.163±0.014

18

-14.663±2.226

-1.873±0.976

-2.015±3.799

0.227±0.021

0.222±0.012

0.251±0.034

20

-11.872±0.836

-1.132±1.247

-0.795±1.305

0.154±0.010

0.182±0.027

0.145±0.012

22

-3.325±1.113

1.788±1.873

3.213±0.951

0.184±0.018

0.209±0.024

0.141±0.030

25

4.994±0.583

12.888±1.044

13.025±0.993

0.129±0.011

0.178±0.026

0.187±0.020

26

-6.897±1.447

0.968±1.219

3.934±1.990

0.145±0.017

0.224±0.025

0.219±0.036

29

-7.498±1.237

2.753±2.143

5.755±3.572

0.165±0.041

0.235±0.035

0.377±0.025

30

-4.573±1.252

9.057±1.850

9.631±2.062

0.054±0.006

0.097±0.020

0.138±0.018

35

-4.442±0.993

1.454±2.071

2.407±2.108

0.224±0.033

0.117±0.018

0.098±0.038
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TABLE 34. NEUTRAL GROUP AVERAGE STAIR ASCENT SPEEDS, FOOT ROTATION
ANGLES, AND STEP WIDTHS.
Foot Rotation Angles (deg)

Step Widths (cm)

3

Speed
(m/s)
1.62

6

1.88

-1.6

22.6

22.8

22.8

33.2

37.4

7

2.11

-8.1

6.8

10.9

18.7

26.1

29.8

9

1.42

0.5

18.1

17.0

18.3

17.4

37.1

10

1.90

-12.1

11.3

12.3

9.2

22.6

26.6

11

1.80

-7.9

8.7

5.7

16.8

16.1

29.9

12

1.81

-16.4

12.6

12.2

19.2

25.4

34.9

15

1.75

-7.7

9.0

7.9

11.5

24.0

37.7

16

1.71

-0.3

21.6

19.1

13.0

31.0

33.5

17

1.82

-3.5

8.5

8.5

25.1

34.3

35.3

21

1.77

1.7

24.1

16.7

23.4

29.9

35.8

23

1.60

-16.9

13.6

13.5

16.1

27.7

36.4

24

1.73

0.5

14.6

14.5

16.5

31.0

34.4

27

1.52

-7.6

16.0

17.8

16.0

30.8

36.0

32

1.54

-3.4

10.5

11.1

13.4

26.9

30.7

Subject

Normal

TI

TIW

Normal

TI

TIW

-1.2

9.8

11.1

22.1

23.3

36.3
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TABLE 35. VALGUS GROUP AVERAGE STAIR ASCENT SPEEDS, FOOT ROTATION
ANGLES, AND STEP WIDTHS.
Foot Rotation Angles (deg)

Step Widths (cm)

14

Speed
(m/s)
1.42

19

1.60

22.2

28.2

28.9

22.5

29.0

38.8

28

1.37

-5.1

8.0

8.6

7.0

11.4

30.9

31

1.60

-6.3

12.1

11.9

21.7

23.0

35.9

33

1.46

-0.4

15.7

13.2

18.3

28.9

34.1

36

1.59

-10.8

13.7

13.8

15.8

20.6

29.4

37

1.77

6.3

22.8

23.0

25.1

30.9

30.9

38

1.85

0.2

17.0

15.3

14.5

16.9

31.0

39

1.21

-0.8

9.8

7.1

14.5

14.4

26.3

40

1.65

-10.5

20.1

19.2

21.6

31.9

29.9

Subject

Normal

TI

TIW

Normal

TI

TIW

9.3

20.7

26.7

14.5

25.7

33.9
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TABLE 36. VARUS GROUP AVERAGE STAIR ASCENT SPEEDS, FOOT ROTATION
ANGLES, AND STEP WIDTHS.
Foot Rotation Angles (deg)

Step Widths (cm)

1

Speed
(m/s)
1.30

2

1.66

-6.0

10.3

11.7

18.3

17.1

30.0

4

1.42

-5.1

18.7

15.1

24.9

30.9

35.8

8

1.62

7.9

9.5

11.7

20.9

23.9

29.7

13

1.71

-6.5

11.3

8.5

19.6

31.6

42.3

18

1.57

-16.7

14.8

15.1

16.0

26.2

31.0

20

1.52

-8.4

10.3

8.2

18.3

25.0

29.4

22

1.77

-0.1

9.9

8.8

17.0

32.4

32.0

25

2.00

-1.5

12.6

11.9

21.5

22.0

35.4

26

1.21

-16.0

10.7

9.9

13.5

27.1

34.4

29

1.59

-11.5

14.8

14.5

19.0

23.6

30.0

30

1.07

-21.4

11.8

10.8

14.6

15.1

36.2

35

1.68

-11.6

11.2

11.3

14.9

14.0

29.3

Subject

Normal

TI

TIW

Normal

TI

TIW

-8.0

14.5

7.1

11.8

17.1

27.9
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TABLE 37. NEUTRAL GROUP STAIR ASCENT 1ST AND 2ND PEAK VERTICAL
GROUND REACTION FORCES.
1st Peak vertical GRFs (BW)
Normal
TI
TIW
1.082±0.073
1.077±0.067
1.050±0.044

2nd Peak vertical GRFs (BW)
Normal
TI
TIW
1.119±0.077
1.253±0.053 1.291±0.061

6

1.098±0.028

1.122±0.031

1.049±0.025

1.151±0.026

1.486±0.101

1.432±0.049

7

1.240±0.142

1.104±0.051

1.065±0.062

1.365±0.245

1.464±0.139

1.416±0.145

9

1.135±0.024

1.117±0.026

1.094±0.043

1.143±0.032

1.209±0.055

1.193±0.044

10

1.258±0.035

1.116±0.045

1.082±0.078

1.261±0.067

1.174±0.068

1.129±0.045

11

1.209±0.051

1.226±0.029

1.210±0.022

1.234±0.012

1.261±0.049

1.273±0.110

12

1.075±0.062

0.933±0.079

0.891±0.059

1.371±0.124

1.217±0.067

1.226±0.086

15

1.083±0.047

1.106±0.060

1.045±0.040

1.244±0.081

1.321±0.020

1.331±0.054

16

1.130±0.025

1.143±0.043

1.138±0.032

1.209±0.065

1.193±0.086

1.246±0.148

17

1.113±0.027

1.032±0.043

1.074±0.034

1.108±0.032

1.139±0.056

1.226±0.086

21

1.145±0.038

1.083±0.049

0.980±0.047

1.131±0.097

1.228±0.064

1.146±0.045

23

1.053±0.023

0.992±0.033

0.966±0.075

1.413±0.064

1.472±0.040

1.497±0.081

24

1.083±0.021

1.088±0.029

1.076±0.029

1.194±0.076

1.270±0.026

1.203±0.105

27

1.172±0.030

1.158±0.061

1.118±0.060

1.301±0.053

1.184±0.068

1.307±0.141

32

1.026±0.039

1.014±0.028

0.997±0.021

1.166±0.035

1.127±0.043

1.206±0.098

Subject
3
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TABLE 38. VALGUS GROUP STAIR ASCENT 1ST AND 2ND PEAK VERTICAL
GROUND REACTION FORCES.
1st Peak vertical GRFs (BW)
Normal
TI
TIW
1.010±0.030
1.010±0.016
1.021±0.015

2nd Peak vertical GRFs (BW)
Normal
TI
TIW
1.111±0.053
1.134±0.069 1.110±0.030

19

1.127±0.019

1.014±0.031

0.943±0.088

1.074±0.051

1.182±0.040

1.268±0.063

28

1.147±0.058

1.090±0.032

1.096±0.055

1.518±0.082

1.440±0.138

1.489±0.162

31

1.115±0.025

1.085±0.018

1.082±0.032

1.098±0.014

1.104±0.037

1.118±0.038

33

1.058±0.027

1.056±0.022

1.096±0.055

1.265±0.062

1.377±0.088

1.356±0.090

36

1.088±0.012

1.074±0.040

1.046±0.024

1.248±0.042

1.318±0.028

1.331±0.046

37

1.132±0.022

1.128±0.035

1.090±0.038

1.220±0.036

1.203±0.079

1.230±0.051

38

1.096±0.055

1.090±0.053

1.055±0.047

1.140±0.038

1.166±0.027

1.213±0.035

39

1.151±0.025

1.138±0.049

1.198±0.036

1.063±0.074

1.107±0.032

1.103±0.053

40

1.110±0.044

1.113±0.037

1.164±0.035

1.150±0.086

1.151±0.056

1.159±0.055

Subject
14
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TABLE 39. VARUS GROUP STAIR ASCENT 1ST AND 2ND PEAK VERTICAL GROUND
REACTION FORCES.
1st peak vertical GRFs (BW)
Normal
TI
TIW
1.096±0.017
1.127±0.026 1.124±0.028

2nd Peak vertical GRFs (BW)
Normal
TI
TIW
1.090±0.096
1.130±0.051
1.134±0.107

2

1.074±0.050

1.061±0.030

1.061±0.033

1.110±0.141

1.151±0.070

1.169±0.056

4

1.229±0.018

1.250±0.048

1.218±0.024

1.139±0.071

1.326±0.138

1.371±0.079

8

1.073±0.045

1.104±0.035

1.028±0.033

1.117±0.053

1.199±0.045

1.230±0.040

13

1.080±0.017

1.054±0.023

1.035±0.016

1.131±0.058

1.159±0.056

1.190±0.029

18

1.159±0.020

1.093±0.033

1.092±0.028

1.205±0.070

1.249±0.066

1.308±0.078

20

1.159±0.073

1.083±0.050

1.066±0.026

1.151±0.029

1.151±0.056

1.180±0.053

22

1.175±0.040

1.170±0.050

1.114±0.023

1.104±0.040

1.272±0.049

1.242±0.034

25

1.178±0.031

1.157±0.044

1.134±0.023

1.176±0.042

1.199±0.078

1.212±0.053

26

1.106±0.028

1.117±0.048

1.122±0.017

1.097±0.056

1.124±0.050

1.121±0.047

29

1.107±0.019

1.109±0.034

1.054±0.022

1.149±0.062

1.323±0.151

1.241±0.141

30

0.976±0.028

0.980±0.053

1.016±0.022

1.367±0.030

1.406±0.077

1.364±0.067

35

1.059±0.032

1.066±0.020

1.084±0.057

1.264±0.029

1.149±0.052

1.241±0.024

Subject
1
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TABLE 40. NEUTRAL GROUP STAIR ASCENT PEAK EXTENSION ANGLES, FLEXION RANGES OF MOTION, AND PEAK
EXTENSION MOMENTS.
Peak Extension Angles (deg)
Flexion Range of Motion (deg)
Normal
TI
TIW
Normal
TI
TIW
-6.444±1.337
-2.642±2.432
-4.357±1.927
-60.0
-59.1
-54.6

Peak Extension Moment (Nm/kg)
Normal
TI
TIW
0.786±0.094
0.881±0.018
0.917±0.102

6

-15.353±0.854

-15.438±1.384

-15.820±1.550

-60.0

-55.8

-53.0

1.730±0.097

1.740±0.088

1.709±0.067

7

-19.844±2.557

-18.167±1.560

-18.073±1.307

-51.1

-53.9

-51.3

1.981±0.203

1.763±0.087

1.580±0.233

9

-9.718±0.643

-11.803±1.265

-10.425±1.340

-58.1

-53.9

-54.4

1.784±0.125

1.615±0.067

1.568±0.054

10

-5.299±1.281

-5.802±2.131

-5.581±3.109

-59.6

-54.6

-51.3

2.190±0.163

1.583±0.202

1.554±0.165

11

-5.182±3.904

-3.531±1.316

-6.520±5.636

-60.4

-58.5

-56.1

1.999±0.081

2.071±0.015

1.959±0.077

12

-5.784±2.149

-7.073±1.834

-8.392±3.848

-64.5

-58.1

-53.8

1.477±0.095

1.145±0.128

1.070±0.066

15

-9.871±1.769

-7.680±3.175

-8.021±1.629

-57.5

-54.1

-51.5

1.461±0.029

1.513±0.146

1.427±0.095

16

-8.283±2.176

-8.676±3.146

-10.497±1.486

-62.2

-58.6

-56.1

1.733±0.078

1.865±0.078

1.860±0.094

17

-11.100±1.942

-12.879±3.136

-10.850±0.885

-55.5

-50.4

-50.5

1.624±0.046

1.614±0.115

1.658±0.063

21

-8.096±4.413

-10.322±8.080

-6.449±1.104

-65.4

-60.0

-60.6

2.055±0.185

1.781±0.292

1.599±0.077

23

-14.310±2.002

-11.152±1.254

-13.258±1.251

-58.1

-58.1

-55.4

2.205±0.120

1.919±0.213

1.954±0.203

24

-14.561±1.535

-16.260±1.243

-15.401±1.479

-53.5

-50.1

-47.5

1.548±0.097

1.569±0.137

1.398±0.118

27

-8.206±2.891

-9.446±1.809

-7.817±1.435

-68.4

-63.9

-62.6

1.680±0.097

1.647±0.180

1.650±0.254

32

-12.979±1.499

-11.478±1.464

-14.243±0.916

-58.7

-52.2

-51.0

1.564±0.171

1.510±0.089

1.541±0.092

Subject
3
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TABLE 41. VALGUS GROUP STAIR ASCENT PEAK EXTENSION ANGLES, FLEXION RANGES OF MOTION, AND PEAK
EXTENSION MOMENTS.
Peak Extension Angle (deg)
Flexion Range of Motion (deg)
Normal
TI
TIW
Normal
TI
TIW
-4.361±4.065
-6.696±2.137
-8.344±2.965
-59.9
-55.9
-45.4

Peak Extension Moment (Nm/kg)
Normal
TI
TIW
1.372±0.081
1.324±0.029
1.391±0.077

19

-13.835±2.142

-11.658±4.717

-20.187±2.998

-59.5

-62.9

-53.8

1.447±0.160

1.264±0.155

1.237±0.159

28

-5.562±4.642

-3.443±1.998

-2.389±5.402

-65.4

-60.6

-61.6

1.591±0.123

1.571±0.071

1.660±0.100

31

-9.971±1.495

-12.427±0.693

-11.790±1.252

-60.9

-57.4

-56.4

1.793±0.099

1.729±0.083

1.740±0.109

33

-4.756±2.473

-7.225±2.785

-4.411±4.914

-68.0

-61.7

-61.6

1.615±0.085

1.283±0.041

1.425±0.103

36

-6.453±1.866

-8.213±2.561

-5.267±2.926

-54.6

-53.4

-55.5

1.707±0.069

1.668±0.053

1.646±0.045

37

0.760±5.284

-2.536±3.741

-2.422±4.017

-64.8

-59.0

-55.9

1.387±0.084

1.254±0.071

1.183±0.170

38

0.059±1.378

-1.386±1.342

-0.907±1.298

-56.9

-55.0

-50.8

1.488±0.201

1.399±0.070

1.291±0.148

39

-6.945±3.426

-6.069±2.893

-10.502±5.500

-68.5

-65.8

-57.9

1.945±0.091

1.856±0.133

1.922±0.127

40

-8.386±1.534

-6.303±3.051

-5.910±2.103

-50.6

-52.6

-51.2

1.609±0.057

1.386±0.110

1.384±0.071

Subject
14
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TABLE 42. VARUS GROUP STAIR ASCENT PEAK EXTENSION ANGLES, FLEXION RANGES OF MOTION, AND PEAK
EXTENSION MOMENTS.
Peak Extension Angle (deg)
Flexion Range of Motion (deg)
Normal
TI
TIW
Normal
TI
TIW
-7.014±1.273
-4.881±2.248
-8.061±2.096
-54.5
-49.5
-50.8

Peak Extension Moment (Nm/kg)
Normal
TI
TIW
1.281±0.091
1.390±0.105
1.511±0.081

2

-10.061±3.357

-14.635±0.937

-13.872±2.013

-70.3

-62.0

-57.7

1.541±0.229

1.435±0.074

1.566±0.223

4

-3.460±2.399

-8.554±1.692

-10.123±1.034

-63.2

-55.0

-50.9

1.465±0.191

1.425±0.106

1.379±0.103

8

-12.414±2.683

-15.804±1.879

-15.527±1.748

-63.1

-57.6

-55.3

1.282±0.078

1.657±0.136

1.309±0.132

13

-6.022±1.383

-5.363±0.611

-7.156±2.705

-58.3

-58.8

-52.3

1.805±0.036

1.606±0.100

1.605±0.133

18

-13.453±3.639

-16.138±2.520

-15.753±2.750

-67.2

-59.6

-61.8

1.782±0.076

1.882±0.117

1.542±0.169

20

-4.482±1.777

-9.172±1.296

-10.753±0.804

-66.5

-60.3

-56.5

1.834±0.053

1.673±0.086

1.876±0.129

22

-11.476±2.595

-10.274±1.431

-12.022±2.417

-60.9

-55.9

-56.2

1.923±0.186

1.836±0.186

1.786±0.183

25

-12.663±0.529

-12.146±4.087

-14.042±2.310

-58.2

-52.1

-48.6

1.711±0.059

1.692±0.162

1.762±0.112

26

-4.141±3.232

-9.406±2.363

-9.891±2.876

-69.1

-59.7

-55.8

1.761±0.123

1.956±0.185

1.805±0.242

29

-8.292±1.996

-12.278±1.374

-8.543±3.412

-57.7

-48.9

-52.0

1.618±0.097

1.478±0.135

1.473±0.027

30

-6.846±2.575

-10.787±3.637

-12.720±2.145

-69.1

-64.9

-57.2

1.255±0.044

1.226±0.062

1.274±0.114

35

-11.177±2.763

-3.068±1.871

-3.859±1.424

-56.0

-52.4

-54.0

1.480±0.175

1.405±0.147

1.427±0.127

Subject
1
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TABLE 43. NEUTRAL GROUP STAIR ASCENT PEAK ABDUCTION AND ABDUCTION RANGES OF MOTION.
Subject
3

Peak Abduction Angle (deg)
Normal
TI
TIW
2.265±0.628
-0.776±0.678
-3.522±1.137

Adduction ROM (deg)
Normal
TI
TIW
15.1
11.1
11.6

6

-3.828±1.378

-10.367±0.674

-11.986±0.469

12.6

9.6

6.5

7

-3.312±1.582

-5.934±2.267

-7.410±1.094

14.5

11.7

8.6

9

-0.567±1.073

-5.409±1.194

-5.620±0.618

11.0

6.7

6.7

10

1.315±0.352

-0.978±1.669

-1.297±0.345

8.3

-4.0

-4.1

11

3.480±0.964

0.887±1.173

1.914±2.885

15.4

14.5

12.9

12

-1.326±0.329

-4.789±1.181

-5.414±0.886

15.9

9.7

8.5

15

-1.348±0.410

-4.617±1.859

-5.911±1.337

7.0

2.7

1.9

16

-0.207±1.455

-6.565±1.007

-5.905±1.762

7.7

0.9

1.2

17

-0.550±0.977

-4.840±0.755

-6.025±0.456

9.0

10.0

6.1

21

-4.132±1.493

-7.984±2.571

-8.599±0.515

7.6

5.3

8.8

23

-1.493±0.723

-8.131±1.470

-11.875±0.348

15.2

8.3

8.8

24

-2.072±1.096

-6.179±1.550

-6.494±1.160

11.6

6.3

4.2

27

3.579±0.468

-1.674±0.607

-1.037±0.647

10.3

3.0

-1.0

32

-2.563±0.756

-8.036±0.427

-8.345±1.116

3.5

-1.0

-2.1
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TABLE 44. VALGUS GROUP STAIR ASCENT PEAK ABDUCTION ANGLES AND ABDUCTION RANGES OF MOTION.
Subject
14

Peak Abduction Angle(deg)
Normal
TI
TIW
-8.994±1.099 -10.210±1.042 -12.093±0.509

Abduction ROM (deg)
Normal
TI
TIW
11.8
9.0
-0.1

19

-8.435±0.785

-9.831±0.739

-12.503±1.157

7.6

4.6

6.1

28

-2.045±0.317

-2.975±0.865

-3.932±2.112

13.7

2.4

3.6

31

-2.022±0.790

-5.736±1.572

-5.624±0.797

14.3

5.8

7.4

33

-5.348±0.357

-6.494±0.844

-8.017±1.533

11.3

5.8

-1.1

36

-1.504±0.343

-5.751±1.329

-5.611±0.639

-1.5

-5.4

-7.6

37

-5.559±0.686

-7.443±0.281

-7.870±0.547

-2.9

-8.9

-8.2

38

-7.914±1.123

-8.656±0.758

-9.249±0.888

1.0

-1.2

-3.7

39

-1.382±1.905

-5.204±0.809

-1.725±3.169

4.7

7.7

2.8

40

-6.259±1.384

-14.125±1.011

-13.061±2.061

15.2

6.1

9.9
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TABLE 45. VARUS GROUP STAIR ASCENT PEAK ABDUCTION ANGLES AND ABDUCTION RANGES OF MOTION.
Subject
1

Peak Abduction Angle (deg)
Abduction ROM (deg)
Normal
TI
TIW
Normal
TI
TIW
4.084±0.761 -1.295±1.414 0.414±0.923
19.6
16.8
15.1

2

-0.783±0.864

-4.069±1.195

-4.742±1.322

19.2

9.7

8.0

4

2.708±1.158

-3.133±1.222

-1.951±1.293

9.1

6.1

5.0

8

-1.313±1.203

-2.569±0.914

-2.518±0.686

8.2

7.5

5.9

13

1.930±0.606

-1.575±0.525

-1.776±1.392

18.8

14.9

13.9

18

7.839±1.347

-0.290±1.511

0.755±0.971

22.1

11.9

10.5

20

4.225±0.637

1.712±0.617

1.578±0.682

14.3

8.8

6.8

22

2.202±0.939

-0.986±1.155

-0.395±0.874

14.9

12.3

12.2

25

0.796±1.023

-1.750±1.451

-0.675±2.115

7.6

-0.8

-1.7

26

6.493±0.903

0.505±0.277

-0.002±1.023

11.9

2.2

2.1

29

5.944±0.688

-0.033±1.014

0.367±2.643

15.2

5.3

3.8

30

4.280±0.699

-2.842±2.395

-4.846±0.636

10.2

-1.2

-3.7

35

-0.098±0.722

0.020±1.535

-1.536±1.259

9.8

2.4

0.5
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TABLE 46. NEUTRAL GROUP STAIR ASCENT 1ST AND 2ND PEAK KAMS.
1st Peak KAMs (Nm/kg)
Normal
TI
TIW
-0.320±0.084 -0.251±0.040 -0.103±0.065

2nd Peak KAMs (Nm/kg)
Normal
TI
TIW
-0.162±0.035 -0.223±0.065 -0.073±0.030

6

-0.366±0.045

-0.083±0.038

0.004±0.015

-0.253±0.050

-0.052±0.041

-0.054±0.000

7

-0.254±0.043

-0.127±0.080

0.032±0.083

.±.

0.008±0.055

-0.089±0.063

9

-0.441±0.061

-0.344±0.082

-0.306±0.072

-0.478±0.084

-0.471±0.047

-0.382±0.020

10

-0.495±0.088

-0.104±0.118

-0.104±0.033

-0.357±0.025

-0.375±0.077

-0.447±0.087

11

-0.442±0.045

-0.324±0.022

-0.380±0.040

0.039±0.077

0.009±0.036

-0.027±0.052

12

-0.513±0.067

-0.373±0.063

-0.310±0.036

-0.381±0.055

-0.300±0.090

-0.264±0.092

15

-0.221±0.039

-0.071±0.040

0.000±0.018

0.036±0.022

-0.026±0.001

.±.

16

-0.343±0.036

0.054±0.056

-0.005±0.091

0.016±0.079

0.115±0.075

0.091±0.063

17

-0.353±0.051

-0.246±0.044

-0.074±0.049

0.015±0.028

-0.036±0.055

.±.

21

-0.479±0.056

-0.396±0.069

-0.219±0.079

-0.358±0.075

-0.399±0.122

-0.336±0.059

23

-0.332±0.069

-0.293±0.069

-0.059±0.091

-0.539±0.043

-0.426±0.112

-0.225±0.039

24

-0.371±0.065

-0.199±0.045

-0.187±0.017

-0.336±0.060

-0.370±0.038

-0.349±0.039

27

-0.370±0.050

-0.110±0.052

-0.040±0.031

-0.153±0.024

-0.110±0.046

-0.044±0.052

32

-0.074±0.031

0.115±0.022

0.127±0.036

.±.

.±.

.±.

Subject
3
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TABLE 47. VALGUS GROUP STAIR ASCENT 1ST AND 2ND PEAK KAMS.
1st Peak KAMs (Nm/kg)
Normal
TI
TIW
-0.502±0.031 -0.433±0.065
0.325±0.032

2nd Peak KAMs (Nm/kg)
Normal
TI
TIW
-0.420±0.033 -0.407±0.046 -0.384±0.031

19

-0.201±0.037

-0.156±0.059

0.371±0.051

-0.120±0.043

-0.094±0.033

-0.091±0.005

28

-0.284±0.045

-0.058±0.030

0.368±0.076

-0.011±0.028

-0.019±0.008

-0.038±0.026

31

-0.479±0.032

-0.195±0.086

0.239±0.037

-0.268±0.041

-0.245±0.056

-0.266±0.033

33

-0.434±0.070

-0.306±0.095

0.360±0.086

-0.328±0.038

-0.317±0.065

-0.343±0.079

36

-0.172±0.066

0.036±0.067

0.315±0.030

-0.022±0.016

0.015±0.045

-0.001±0.031

37

-0.390±0.060

-0.285±0.055

0.339±0.027

-0.397±0.071

-0.375±0.051

-0.391±0.047

38

-0.286±0.055

-0.278±0.061

0.359±0.029

-0.165±0.040

-0.205±0.076

-0.279±0.095

39

-0.268±0.039

-0.127±0.059

0.242±0.080

-0.137±0.038

-0.159±0.054

-0.081±0.064

40

-0.305±0.027

-0.068±0.065

0.327±0.047

-0.201±0.038

-0.182±0.036

-0.189±0.059

Subject
14
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TABLE 48. VARUS GROUP STAIR ASCENT PEAK 1ST AND 2ND PEAK KAMS.
1st Peak KAMs (Nm/kg)
Normal
TI
TIW
-0.857±0.087 -0.880±0.044 0.194±0.056

2nd Peak KAMs (Nm/kg)
Normal
TI
TIW
-0.512±0.032
-0.466±0.031 -0.462±0.066

2

-0.486±0.072

-0.282±0.045

0.218±0.029

-0.157±0.052

-0.154±0.025

-0.120±0.009

4

-0.566±0.044

-0.278±0.099

0.240±0.009

-0.592±0.044

-0.509±0.056

-0.517±0.055

8

-0.353±0.038

-0.370±0.019

0.252±0.019

-0.382±0.074

-0.398±0.036

-0.388±0.038

13

-0.811±0.047

-0.713±0.060

0.260±0.024

-0.516±0.054

-0.551±0.101

-0.463±0.039

18

-0.861±0.058

-0.412±0.083

0.170±0.015

-0.095±0.104

-0.023±0.030

-0.033±0.056

20

-0.584±0.031

-0.247±0.199

0.312±0.073

-0.217±0.021

-0.259±0.083

-0.165±0.046

22

-0.500±0.063

-0.352±0.033

0.196±0.008

-0.053±0.083

-0.148±0.131

-0.030±0.035

25

-0.504±0.010

-0.350±0.050

0.203±0.015

-0.583±0.044

-0.603±0.104

-0.533±0.106

26

-0.544±0.055

-0.212±0.047

0.284±0.149

-0.333±0.019

-0.326±0.079

-0.315±0.071

29

-0.714±0.049

-0.580±0.049

0.209±0.012

-0.517±0.049

-0.506±0.050

-0.499±0.121

30

-0.158±0.040

-0.049±0.033

0.611±0.075

-0.234±0.027

-0.132±0.139

-0.019±0.015

35

-0.164±0.027

-0.096±0.063

0.201±0.039

-0.063±0.052

-0.056±0.033

-0.016±0.037

Subject
1
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TABLE 49. NEUTRAL GROUP STAIR ASCENT PEAK EXTERNAL ROTATION ANGLES AND INTERNAL ROTATION
MOMENTS.
Subject
3

Peak External Rotation Angle (deg)
Normal
TI
TIW
-3.373±1.369
5.283±1.240
5.880±1.585

Peak Internal Rotation Moment (Nm/kg)
Normal
TI
TIW
0.112±0.040
0.101±0.025
0.069±0.033

6

-3.304±2.390

5.362±4.406

1.210±0.572

0.539±0.040

0.399±0.046

0.374±0.032

7

-8.914±4.117

-0.380±4.132

-7.137±0.000

0.189±0.041

0.131±0.064

0.046±0.050

9

-4.300±3.739

.±.

-1.602±7.634

0.583±0.028

0.577±0.018

0.544±0.019

10

-10.810±2.439

0.499±4.326

2.778±1.763

0.528±0.051

0.389±0.108

0.389±0.048

11

-9.814±5.699

-1.669±3.031

-1.322±7.633

-0.079±0.030

-0.055±0.044

-0.070±0.039

12

-18.301±4.797

-2.478±1.226

-2.196±0.311

0.385±0.019

0.316±0.048

0.220±0.085

15

-7.700±2.346

-3.005±0.000

2.454±1.165

0.076±0.030

0.127±0.063

0.092±0.012

16

-7.919±2.303

.±.

0.761±4.019

0.142±0.050

0.165±0.011

0.175±0.047

17

-8.192±2.043

-7.354±1.286

-1.846±1.047

0.203±0.041

0.191±0.023

0.142±0.026

21

5.311±1.447

12.607±0.510

11.953±0.437

0.554±0.075

0.590±0.062

0.424±0.027

23

-11.144±1.208

2.347±9.052

-9.697±0.566

0.602±0.042

0.547±0.043

0.573±0.086

24

-4.199±1.734

3.098±3.049

2.803±1.513

0.432±0.038

0.445±0.029

0.431±0.048

27

-3.885±1.979

12.126±0.272

9.536±1.529

0.091±0.031

0.017±0.042

-0.010±0.038

32

-3.409±1.327

6.612±3.333

8.167±3.246

0.111±0.027

0.028±0.034

0.029±0.014
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TABLE 50. VALGUS GROUP STAIR ASCENT PEAK EXTERNAL ROTATION ANGLES AND INTERNAL ROTATION
MOMENTS.
Subject
14

Peak External Rotation Angle (deg)
Normal
TI
TIW
2.636±6.768
4.835±4.144
7.969±6.693

Peak Internal Rotation Moment (Nm/kg)
Normal
TI
TIW
0.612±0.058
0.616±0.029
0.632±0.019

19

-1.466±0.753

2.450±1.573

3.378±1.802

0.455±0.026

0.406±0.038

0.334±0.076

28

-9.340±5.609

-3.093±0.169

0.072±0.895

-0.012±0.029

-0.012±0.013

0.016±0.035

31

-8.837±1.803

-0.045±2.160

0.462±0.825

0.441±0.033

0.419±0.028

0.426±0.027

33

-8.517±0.987

-3.080±1.638

3.605±2.044

0.511±0.018

0.437±0.040

0.432±0.078

36

-8.583±1.504

3.624±3.868

3.622±2.231

0.165±0.051

0.170±0.020

0.154±0.031

37

-8.562±1.061

4.955±3.665

3.118±4.867

0.637±0.030

0.733±0.025

0.605±0.037

38

-7.191±1.254

0.273±6.003

1.717±4.800

0.572±0.042

0.573±0.063

0.530±0.040

39

-7.238±5.836

-0.802±2.910

-1.815±2.315

0.092±0.033

0.108±0.069

0.047±0.040

40

-11.686±6.288

11.131±10.559

8.790±9.012

0.544±0.055

0.566±0.060

0.610±0.115
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TABLE 51. VARUS GROUP STAIR ASCENT PEAK EXTERNAL ROTATION ANGLES AND INTERNAL ROTATION
MOMENTS.
Peak External Rotation Angle (deg)
Normal
TI
TIW
-16.933±2.327
-11.893±2.291
-10.570±1.414

Peak Internal Rotation Moment (Nm/kg)
Normal
TI
TIW
0.527±0.040
0.583±0.019
0.536±0.022

2

-13.971±2.782

-1.978±2.356

-2.253±2.763

0.377±0.056

0.292±0.020

0.319±0.068

4

-0.864±1.674

5.525±3.624

4.346±1.937

0.514±0.015

0.413±0.031

0.457±0.013

8

-2.512±0.872

1.221±0.000

4.186±6.146

0.354±0.015

0.407±0.036

0.343±0.050

13

-10.085±1.026

-4.774±1.410

-5.085±1.570

0.499±0.026

0.495±0.054

0.523±0.041

18

-19.590±4.991

-5.444±1.736

-7.826±2.204

0.147±0.059

0.035±0.044

0.034±0.032

20

-10.189±0.401

-5.963±1.478

-5.395±0.919

0.219±0.022

0.167±0.052

0.232±0.046

22

-1.912±2.206

.±.

4.433±1.291

-0.022±0.086

0.030±0.039

-0.019±0.046

25

1.474±0.898

12.442±1.736

13.422±1.075

0.623±0.020

0.608±0.032

0.573±0.022

26

-11.157±4.577

6.447±1.689

4.307±0.000

0.042±0.028

0.090±0.051

0.088±0.081

29

-14.239±2.442

1.301±0.993

1.531±2.499

0.592±0.044

0.629±0.055

0.602±0.023

30

-20.960±1.893

2.632±1.628

4.401±2.352

-0.015±0.033

0.027±0.040

0.012±0.055

35

-8.493±1.801

4.378±1.772

1.145±1.607

0.123±0.029

0.029±0.021

0.029±0.044

Subject
1
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